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SUMMARY

LN S B
"This report, contains a description of an experimental development- program

conducted by Hughes Aircraft Company\té deveiép and test advanced dielectric
materials for capacitors for airborne power systems. Five classes of capaci-
tors were considered: high rep rate and low rep rate pulse capacitors for use
in pulse-forming networks, high voltage filter capacitors, high frequency AC
capacitors for series resonant inverters,and AC filter capacitors. To meet
these requirements, existing dielectric materials were modified, and new mate-
rials were developed.

The initial goal of the program’was to develop an improved polysulfone
film with fewer imperfections that could operate at significantly higher elec-
trical stresses. At the beginning of the program, low breakdown strength was
thought to be related to inclusions of conductive particles, thin spots, or
holes in the dielectric. Many experiments were performed to evaluate the
effect of filtration of the casting solution. As these experiments proceeded,
it became apparent that mere filtration and attention to the details of main-
taining a particle-free film were not the entire solution to the breakdown

problem. From a series of experiments, the film samples were found to contain

mobile charge carriers, as dissolved ionic impurities, that move through the
dielectric when voltage is applied and cause distortion and enhancement of the

icetric field. 7Tt was shown that these contaminants enter the film via the

4400 0 .

resin and solvent, and that they can be partially removed. As far as
devieloped, however, these treatments did not significantly improve the break-
dows characteristics. It still must be determined to what extent the impuri-

ties must be removed. e
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The technique of casting films on a roughened drum was demonstrated, and
tfound useful in preparing textured films. - This is the first step toward a
replacement for Kraft paper.

A new material, U]tem*i was proposed for use in high energy density
capacitors. This new polyetherimide resin has properties similar to poly-
sulfone and polyimide, with improvement in breakdown characteristics and
temperature capability. This material was selected for further study and
evaluation in model capacitor designs. 7 - ' ST A e

Test fixtures were built for life tests of four types of capacitors under
dctual service conditions. Samples of cach tvpe of capacitor werce assembled
and tested according to plan. In some cases, a second design was built and
tested after lTife tests and failure analvses had been performed on the origi-
nal design,

Failures in the pulse capacitors occurred short of the lifetime goal, and
were related to overheating., The second DO filter desipgn achieved only a
150 hour life at a packaged enerygv density o1 100 J/1b. Ultem was found to be
superior to commercial polvsulfone film in the 300 Hz AC filter capacitor
application.

Financial constraints prevented tartiver deveiopment of the high frequency,
A inverter capacitor ddire te tack of taceds o0 The untested desipgn is proposed

Corotatare stindy,

ltem o ds o rep istercd trademark of GCeneral vl
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FOREWORD

This report presents the progress made by the Hughes Aircraft Company
in the developing and testing of dielectric materials for capacitors under
Contract F33615-79~C-2081, supported by the Air Force Aero Propulsion
l.aboratory at Wright-Patteron AFB, OH. Mr. Michael P. Dougherty monitored
the program from its inception until 1982, when it was transferred to
Capt. Gerald Clark and in 1983 to Capt. Rex Schlicher. Dr. Robert D. Parker
was the Program Manager at Hughes from contract go-ahead until February 1982.
Currently the Program Manager is Mr. Robert S. Buritz. Mr. Joel B. Ennis
joined the program as Principal Investigator in August 1983.

Phase 1 ~ Material Testing and Selection was conducted by Hughes at its
Culver City, California facility. A significant portion of the effort of
Task IIT - Material Fabricating, Testing, and Final Selection was contracted
to the Schweitzer Division of the Kimberly-Clark Corporation at Lee, MA.
Schweitzer developed and prepared improved film insulating materials, assisted
in the definition of the most productive technical approaches, and performed
preliminary testing. Dr. W. Selke, Director of Research, Mr. E.P. Bullwinkel
and Dr. A.R. Taylor were responsible for the material development and testing
conducted at Schweitzer,

Phase [I - Capacitor Pad Design and Testing was conducted by Hughes at
its new E1 Segundo, CA facility. The 400 Hz AC filter capacitors were fabri-
cated by Component Research Company, Inc., Santa Monica, CA. Mr. Hillel
Kellerman, Vice President, was very helpful in providing assistance for this

effort at Component Research.
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oo HiGH FREQUENCY AC CAPACLTOR

This capacitor is used in a series resonant inverter circuit to provide ]
24 resonant impedance for the storage of energy. ‘The AC voltage signal at 1
0 kilz is at 1060 VRMS and results in a current flow of over 480 ARMS. Thus, RS

taiv & .F capacitor must handle more than 500,000 VAR. The specifications for

cis capacitor are summarized in Table 4. Y

TABLE 4. HIGH FREQUENCY AC CAPACITOR SPECIFICATIONS

Paramcter Value Unit

Capacitance 8 uF

Voltage

Peak 1500 Volts
RMS 1060 Volts i .

Current

Peak 679 Amperes ‘
RMS 480 Ampercs !
Frequency 10 kHz | -
Dutyv Cyvcle Continuous
Dissipation Factor <0.0001
Energyv Densitv (goal) 50 J/1b

b ] N

(e energy density poal was set at 50 J/1b. Converted to "power"

voitv, this fivure translates to 5.7 ¢ 106 VAR/1b of capacitor!

coent i, White and Galperin at Maxwell Laboratories reported on the

arocv ot g o similar capacitor for NASA—Lewis.9 The capacitance was 0.83 uF,

e otans at 600 VDC plus 600 VRMS at 40 kHz with a current of 125 ARMS. The
ttor was ovacuum qualified and designed to operate with a 60°C baseplate .
remperature and had a dielectric of polvpropyvlene impregnated with monoiso- f
srenvi biphenyl (MIPB). This capacitor was operating with 75,000 VAR of reac- )
tive (wattless) power, This unit weighed nbout 7.5 pounds, so the energy i i
Jensitv was about 0.12 J/lb.10 This can be considered the state of the art. f
' 3
3
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TABLE 3. DC FILTER CAPACITOR SPECIFICATIONS

Parameter Value Unit

Capacitance 0.4 uF
? Working Voltage 25 kV
i Ripple Vvoltage 2] VRMS }
: Ripple Frequency 20 kHz E
% Current 5.3 ARMS !
i Duty Cycle Continuous i
E Di .sipation Factor <0.002 i
L Energy Density (goal) 100 J/1b J

An off-the-shelf capacitor of this type is typically designed for a
lifetime of at least 10,000 hours and often 20 years. Because of this, energy
densities may be low even though the application is relatively benign. For
example, General Electric produces capacitors of this type designed for
60,000 hour 1ife at 50°C which have energy densities of 12 to 32 J/1b,
depending on the capacitance.8 Hughes has produced small capacitors of this
type capable of meeting stringent military standards with energy densities up
to 26 J/1b.

Improvements in the energy density of this capacitor must either come
from decreased life or improved materials capable of providing the same life-
times at much greater stresses. Failures in these capacitors are not due to
partial discharges at foil edges or thermal degradation, but are generally
due to flaws in the dielectric materials. Microscopic conducting paths
through the insulation rapidly overheat and breakdown follows. These conduct-
ing paths may originate in a number of ways, but mechanical stress points on
wrinkles or winding folds are common failure locations, indicating that
stretching, thinning, or microcracking of polymer films is ultimately

responsible.
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TABLE 2. 1OW REPETITION RATE PULSE CAPACITOR SPECIFICATIONS

r_ Parameter Value Unit 41
SRl S— — .
‘ knergy Stored 1760 Joules j
Peds Voltage . 40 KV ‘
Voitage Reversal | >20 Percent .
Capacitance ;‘ 2.2 uF }
Peak Current ' 52.6 kA
Pulse Rise Time 2 usec ’
Capacitor Inductance <20 wH !
Pulse Repetition Rate 50 ppPs i
| Burst Length 60 Seconds ;
' Duty Cycle i <2 Hours :
E Lire | 106 Pulses % -
Shelf Life >1 Year i
Ambient Temperature <72 °c i
Energy Density (goal) 500 J/1b 1
. 10 J/in3 )

amd less than 15 minutes off, and which achieved energy densities of 28 J/1b
S 7 . . . .

qi lirtetimes of better than 10 shots. This work was aimed at comparisons of

impresnating liquids and other dielectric materials in achieving long life-

“ime¢s. Dodecyl benzene out-performed both mineral oil and dioctyl phthalate

s ror long life.

v .% DG FILTER CAPACITOR

This capacitor is used to filter out ripple from a DC power supply. The
govoltage is 25 kV, with a 21 VRMS AC signal at 20 khHz to be filtered out.
‘e operation of this capacitor, unlike the previous two pulse capacitors, is
coutinuous. Since a relatively small amount of current passes through the

comndinetors of this component, heating is not a problem. Details of the speci-

Sjcations for this capacitor are given in Table 3.

VPN T




P AL TV TP e A
i ado 2" 8" g % Pulry

In a previous program conducted by Hughes (''Capacitors for Aircraft High
Power," F33615-75-C~2021) for the Aero Propulsion Laboratory, pulse discharge
capacitors were developed for the same PFN application. These achieved a
packaged energy density of 77 J/1b at a lifetime of 105 shots. The dielectric
was Kraft and polysulfone.l

Major problems inherent in high average power capacitors are heat
generation, thermal stability, and heat removal. Insulation materials are
selected for low dissipation factors and high temperature capability. Heat
removal is accomplished through packaging design and electrode terminationms.
Both polysulfone and polyetherimide films selected for use on this program

have moderate dissipation factors and moderate thermal stability.

1.3 LOW REPETITION RATE PULSE CAPACITORS

This capacitor is intended for use in a 6-section PFN designed to deliver
10.6 kJ of energy to a load in a rectangular pulse 20 us wide. The PFN would
be charged to 40 kV and discharged 50 times per second. The required life is
106 pulses when operating in a "burst'" mode duty cycle of | minute on and up
to 2 hours cool down time. Further specifications are given in Table 2.

Because this capacitor operates at a much lower repetition rate than the
previously described component, heating problems are greatly reduced. This
provides the opportunity to work the dielectric at higher stress levels and
achieve significantly greater energy densities.

In earlier work, Hoffman and Ferrante achieved 141 J/1b at 50 kV using
an unspecified paper/plastic mineral oil dielectric tested under undisclosed
conditions.6 In an effort to develop components for airborne use, Hoffman
was able to build capacitors which stored 218 J/1b at a few pulses per sec-
ond, and 120 J/1b at "moderate' repetition rates.

On the earlier Hughes program, lifetimes of 104 to ]O5 shots were
achieved in model capacitors having an unpackaged energy density of 87 J/lb.
These were tested at a repetition rate of 50 pps for 1 minute and then cooled
for | hour.l Since that time, IR&D work has produced a number of capacitors

which were tested at repetition rates of 30 pps, duty cycles of 1 minute on

1-5
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TABLE 1. HIGH REPETITION RATE PULSE CAPACITOR SPECIFICATIONS

Parameter Value Unit T

l Energy Stored 250 Joules
E Peak Voltage } 15 kv ‘
; Voltage Reversal | =20 ; Percent ?
% Capacitance 2.2 i uF i
i Peak Current ‘ 20 | kA ;
: Pulse Rise Time 2 usec
g Capacitor Inductance <20 uH
: Pulse Repetition Rate 300 pPPSs
! Burst Length 60 Seconds
E Duty Cycle <2 Hours
; Life 106 Pulses
g Shelf Life ~>1 Years
f Ambient Temperature <72 oc

Energy Density (goal) >300 J/1b

>3 J/in3

L -

development effort, Dailey and White reported capacitors achieving a 105 pulse

ioiooat 50 J/1b when operating at 250 pps in 60-second bursts, and 76 J/1b at
2

" opps in 30-second bursts. Creedon and Fitch reported (in 1976) the develop-

meot of a 6-section PFN employing 0.75 uF, 40 kV capacitors which had a life-

ime of well over 105 shots at an energy density of 42 J/1b while operating at

PO B

P25 pps in 30 to 75 second hursts.3 These capacitors were of Kraft/
poivcarbonate/castor oil construction and the PFN was developed for the US
Armv's ERADCOM. Subsequent increases in energy density were achieved by going
to & polypropvlene dielectric, but Army goals of 150 J/1b and 250,000 shot

1ife have not been met.4 During the latter part of this program,

S e .
.
P SN R S T

(i. Joward Mauldin at Sandia National Laboratories reported achieving lifetimes
of 107 to 107 shots and energy densities of about 50 J/1b at 100 to 500 pps con-
Linn0u<.5 This was achieved using polysulfone film impregnated with a fluoro-

.

carbon tiquid.
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lifetime were sought for four different capacitor applications. Another
objective was to determine whether Ultem polyetherimide film could be used as

a replacement for polysulfone in certain high temperature environments.

1.1 CAPACITOR CONSIDERATIONS

Several types of capacitor applications were considered during this pro-
gram. These were: 1) a high repetition rate (300 pps) pulse capacitor, 2) a
low repetition rate (50 pps) pulse capacitor, 3) a DC filter capacitor, 4) a
high frequency series resonant inverter capacitor, and 5) a 400 Hz AC filter
capacitor. The latter application was added late in the program. The first
four applications were expected to be met by oil impregnated, wound film-paper-
foil capacitors, while the fifth item was to be a dry metallized film capaci-
tor. The latter was the only one of the five which did not have an operating
voltage of at least 1000 volts.

Each of these capacitor applications is a distinct and unique design
problem, although the two pulse capacitors have much in common. Throughout
this report, the five capacitors will be considered individually, reflecting
the philosophy of the development effort. In the following sections, the
specifications and goals for each capacitor are detailed, as well as histori-
cal background on previous progress in the development of each class of capa-
citor, providing a reference point as to the state of the art before this

program.

1.2 HIGH REPETITION RATE PULSE CAPACITOR

This capacitor is intended for use in 6-section pulse forming networks
(PFNs), capable of providing 1.5 kJ of energy to a load in a rectangular pulse
20 us wide. The PFN would be charged to a peak voltage of 15 kV and discharged 1
300 times per second. The required lifetime is 106 pulses when operating in a
"burst” mode duty cycle of 1 minute on and up to 2 hours cool down time. Fur-
ther specifications are given in Table 1.

Previous work on high repetition rate pulse capacitors has not provided 9

a component which could simultaneously meet both the energy density goal and

ol

lifetime needed for airborne military systems. In an airborne component

NP
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increcase, unless changes are made in the wav the capacitors are constructed,

Therefore, the essential problem is to increase the amount of energy which can

be stored by a given volume or weight of dielectric. Because this "energy
density" is a function of the square of the magnitude of the electric field
appiied, this program was aimed at increasing the value of the electric {iceld
witch could be applied across the dielectric of a practical capacitor without
o catastrophic breakdown.

The intrinsic dielectric strengths of the films available for use in
capacitors range from 3.1 MV/em (8 kV/mil) to 5.9 MV/cm (15 kV/mil), so energy
tonwities in the range 100 J/kg (500 J/1b) to 3850 J/kg (1750 J/1b) should be
osossible.  Since these numbers are far in excess of those reported in the
literature, it is pertinent to ask the reason for the large difference.

Two problems faced in achieving higher energy densities are electrical
breakdown and thermal failure. Some capacitors used for pulsed-energy storage
{.:i1 because corona arising in manufacturing anomalies or material defects
vventually punctures the insulation, resulting in a shorted unit. The second
tvpe of failure results from dissipation of relatively large amounts of power
in a poorly cooled volume. This failure can take the form of thermal runaway,
irsulation failure hbecause of very great local hot-spot temperatures, or
cxcessive thermal expansion. This last failure mode is sometimes quite drama-
tic; the capacitor case suddenly ruptures from the internal pressure.

The AFAPL-funded program previously conducted by Hughes resulted in the
olimination of manufacturing defects and many material problems.1 Failures in
higi repetition rate units are now observed to occur at fields in excess of
P07 MY /em (5 kV/mil) and to be about equally distributed between wearout
~cvause of corona at the foil edge and random dielectric failure. Random

iicloctric failure is caused primarily by dielectric material flaws, such as

aholes, conducting particle inclusions, variations in thickness, and thermally

artivated flaws. One of the objectives of this program was to reduce the ran-
“dom diclectric failures by developing materials of higher quality and better
diclectric properties than those previously available. Based on the projected

results of such an effort, large increases in the energy density for a given
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1.0 INTRODUCTION

A need for large amounts of electrical power in a number of airborne and
space military systems has been envisioned for some time. A technical barrier
which has always stood in the way of such systems has been the required volume
and weight of the power source and power conditioning subsystem. The purpose
of this program was to address the power conditioning subsystem of such a high
power system in an effort to reduce its weight. Particular attention was
given the capacitive components which are used as energy storage devices.

Applications of this technology exist in the future development of
directed-energy weapons such as lasers, high power radars, and radio frequency
noise generators (jamming equipment) as well as any other devices or systems
with large power requirements in an airborne or space environment.

Capacitors are essentially electrical components which store energy in
the form of an electric field in an insulator between two electrodes. In con-
trast, inductors store energy in the form of a magnetic field. Capacitors are
used in circuits in many different ways, and are exposed to different types of
electrical stresses depending on the application. This program was concerned
with:

1. Capacitors used to store energy over a relatively long period of

time and then deliver that energy to a load in a short pulse.

2. Capacitors used to reduce irregularities in a DC or AC voltage.

3. Capacitors used to cyclically store energy and exchange it with

an inductor in a resonant circuit.

The size and weight of capacitors generally increase as the amount of

energy they can store increases. Thus, as power and energy requirements

increase in military systems, the size and weight of the capacitors used will

<
~

's;:ﬁ

1-1 - }
ORI

X

e PR PSP - LI A T S PR PO TP .
e e - e e T e T N T T T T T T T e T e PRl
AP LI LI O P LT WU T (PP LY T I U T T APy | = PRI T B R et " - -

R R ST I
g . - . e P AR SRR T S “»
WI‘ shhend 141_.‘,.-_...4‘4‘_1-




- T R

TABLES (Continued)

Tible Page
Y vontact Angle (%) Measurements . . . . « o .« ¢ 4 . . . 7-18
~ Solid-Vapor Surface Tension of Liquids . . . . . . . . . 7-20
. o surface Tension of Selected Polymers . . . . . . . « . . 7-21
! 29 Power Dissipated Versus DF . . . . . « ¢« ¢ v v ¢ o o « & 8-7
50 Polymer Films Considered . . . . v ¢ & o ¢ ¢ ¢« o o« o o« & 8-10
K nielectric Liquids Considered . . . . . + .+ ¢ o o .+ . . 8-10
- 32 “omparison of Polysulfone and Polyetherimide Films . . . 8-12
: 1% High Repetition Rate Pulse Capacitor Dielectric
SYSLEMS + + v v v ¢ & v s e e e e e e e e e e e e e e e 8-22
34 l.ow Repetition Rate Pulse Capacitor Dielectric
SYSEEMS &« v v v o & o o s & o o o o e e e e e e e e e 8-23
35 DC Filter Capacitor Dielectric Systems . . . . . . . . . 8-25
36 iligh Frequency AC Capactior Dielectric Systems . . . . . 8-27
v AC Filter Capacitor Dielectric Systems . . . . . . . . . 8-28
i8 DOP Filtration Test ReSultsS . . ¢ ¢ + ¢ ¢ ¢ o o « o o o = 9-~-9
i 39 Capacitance Measurements . .« o o o o o o o « o o o o o . 10-2
L0 Dissipation Factor Measurements . . « « « « « + « « o o & 10-3
A Resistance Parameter MeasurementS . . .« « « & « « o + « o 10-5
42 Comparison of TC Test Capacitors . . . . . « . « ¢« « « . 10-16
i L3 Life Test Results — High Repetition Rate Pulse
Capacitors . o v v v v e 4 4 e e s s e e e e e e e e e 10-24
W4 f.ife Test Results — Low Repetition Rate Pulse
CApAcCitorsS v v v & 4 4 e e v e e e e e e e e e e e e e 10-25
5 .ife Test Results — DC Filter Capacitors . . . . . . . . 10-29
6 Comparison of Program Goals and Values Achieved . . . . . 11-3
]
"]
k
SRR
XV DR
. ]

L e et e e e . e e et e e e e . e e - -
T e e Tt T T e T e e e e et e T e e e e T e e T e e et e T e e A e Al
G VS ANLP PLPAP R




- ~
p— m\_”wr,yﬁ?,,,",_,.

SRR |

TABLES (Continued)

T.ble Page i
-l contact Angle () Measurements .« ¢ . . . 4 e e e e e e 7-18 T:
" solid=-Vapor Surface Tension of Liquids . . . . . . . . . 7-20 }Qi
I . -G surface Tension of Selected Polymers . . . o . . o o .. 7-21 :?33
2% Power Dissipated Versus DF . . . « + v ¢« ¢ « o o o o o & 8-7
50 Polymer Films Considered . . . . . . . . ¢ . o . o o .. 8-10
)| nielectric Liquids Considered . . . . . . . . . . . . . 8-10
- 32 “omparison of Polysulfone and Polyetherimide Films . . . 8-12
' 35 High Repetition Rate Pulse Capacitor Dielectric
SYSLEMS ¢« v v & v v v e e e e e e e e e e e e e e e e e 8-22
34 l.ow Repetition Rate Pulse Capacitor Dielectric
SYSEEMS & & v v v o o o o e s e e e e e e e e e e e e e 8-23
) 35 DC Filter Capacitor Dielectric Systems . . . . . . . . . 8-25
| 36 iligh Frequency AC Capactior Dielectric Systems . . . . . 8-27
o AC Filter Capacitor Dielectric Systems . . . . . . . . . 8-28
8 DOP Filtration Test Results . ¢ « « & v v v v ¢« ¢ o « o & 9-9
i 39 Capacitance Measurements . . « « o « + « & o o + o o o . 10-2 R
- L0 Dissipation Factor Measurements . . . « « « « &+ s o o o & 10-3
41 Resistance Parameter Measurements . . . . « + « « o o« & . 10-5
L2 Comparison of TC Test Capacitors . . . « . ¢ « ¢« « o« « & 10-16 ;5}
i 43 Life Test Results — High Repetition Rate Pulse "k
Capacitors v v v v o v 4 4 6 o o s e s 4 e e e e e e e s 10-24
W Life Test Results — Low Repetition Rate Pulse
Capacitors . v v 4 4 e e e e e e e e e e e e e e e e 10-25
3 ~ite Test Results — DC Filter Capacitors . . « « « .« . . 10-29
4 h Comparison of Program Goals and Values Achieved . . . . . 11-3
' .
)
xv
)
]
e o e B RN e o T e et e e T e




- PRI Ve 0 S Jaa St B4 Siee Rt e e e -tine Mt Jvae St Jaae - T R S m—= SN A s St SRR B e s fron Sven Boes aus s —y

L MO

. LIST OF TABLES

Table Page
1 High Repetition Rate Pulse Capacitor Specifications . . . 1-4
2 Low Repetition Rate Pulse Capacitor Specifications . . . 1-6
3 DC Filter Capacitor Specifications . . . . . . . . . . . 1-7
4 High Frequency AC Capacitor Specifications . . . . . . . 1-8
5 AC Filter Capacitor Specifications. . . . . . . « « . . . 1-9
6 Field Distribution in Pulse Discharge Component . . , . . 3-3
7 Properties of lmpregnants . . . « « & « + « o « o & o + 3-6
8 Test Procedures for Films . . . . . . . . « . . . . . .« . 4-3
9 Test Procedures for Oils . . . . . . . « « « ¢ « ¢ v « . 4-3
10 Test Procedures for Papers . . . ¢« ¢ v ¢ ¢« v v ¢« o o 4-4

11 Particle Analyses of Filtered Casting Solutions . . . . . 5-12

12 Dissipation Factor Measurements for Various Solutions . . 5-22

13 SAT Breakdown for Treated Films . . . . . . . + « « ¢ . . 5~-22

14 Propertics of Ultem® and Polysulfone Resin . . . . . . . 5-25

15 Ultem 24GA Properties . . v o« v v ¢ v v o v v v o v o 7-3

16 breakdown Strength of Ultem . . . « . « « « « v ¢ « « « . 7-5

1 Insulation Resistance of Ultem . . . . . . . . . . . . . 7-6

18 Properties of 24GA Kimfone Polysulfone . . o o o o . . . 7-8

i9 Properties of Polypropylene Film . . . . . . . . . o . . 7-9

20 Properties of 25GA Fluorofilm-C . . . . . . . « . .+ . . . 7-10

21 Properties of BASF Platinol DOP . . . . . . . . . . . . . 7-12

22 Properties of DC-200 . . . . . « « v o o v 0w 0w 0 e 7-13

23 Properties of Helix FE-4 Fluoropropane Ether o . . o . . 7-14

24 Norden Kraft 30 GA Properties . . . . . . . . . « .« . . . 7-15

25 Liquid=-Vapor Surface Tension of Liquids . . . . . . . . . /=17 SR
xiv ::




T U P B e T et e e e e e e A A e e e e e AGEE A e band R AS A aee

TLLUSTRATTONS (Continued)

Figure Page
41 DC Filter Capacitor Test Fixture . . . . « v « « + o « . 10-12 -
42 liigh Frequency AC Test Fixturc Design . . . . . . . . . . 10-13 l{}?
43 AC Filter Capacitor Test Circuit . . . . . « « « . . . . 10-15 -
44 Temperature Rise Versus Total Power in Pulse
Capacitors .+ ¢ v v v e 4 4 e e e e h e e e e e e e e e 10-17
45 Dependence of ESR on Voltage . . . . . . . ¢« v « « « + . 10-18
L - 46 Normalized Plot Showing Cooling of Capacitors with
* Time . . v o o b e e e e e e e e e e e e e e e e e e 10-20
f 47 Temperature Rise Versus Peak Voltage . . . . + . . . . . 10-22
{ 48 Weibull Plot of Low Rep Rate Pulse Capacitor Life
TeSt DAta « « « o » o o o o o o o o 4 e o o 0 0400 s 10-26
49 Capacitor Failure Rate Distribution . . . . « « « o + & 10-28 B
50 Weibull Plot of DC Filter Capacitor Life Test Data . . . 10-34 Cee
xiii

St et e Tttt e s
S e aS el e n g =




ILLUSTRATIONS (Continued)

Figure PPage
21 Current Density Versus Time for Commercial Polysulfone
I | 520
22 Current Density Versus Voltage Stress ror Commercial
Polysulfone Film . . o 0 o v o o v o 0000000 5-20 N
23 Current Density Versus Voltage Stress for Treated
and Untreated Film . . . . . . « « v« o o ¢ o v 0 . h-23
24 Large Arca Breakdown Versus Voltage Stress . . . . . . . 5~24
2
25 Large Arca Breakdown Counts/Meter” Versus Voltage
Stress Uleem® Fidm . . . . L 0 o e e e e e e e =25
26 Ultem Diclectric Constant . . « « v o v o & ¢ o & o « & & 7-4
27 Ultem Dissipation Factor . . « ¢« ¢« v v v & v ¢« ¢ o « o & 7-4
28 Profilometer Profile Measurements of Ultem Films . . . . 7-22
29 Original High Repetition Rate Pulse Capacitor for
2.2 uF Pad Arrangement . . . v o« v s s e e e e e e e a 8-15
30 High Repetition Rate Pulse Capacitor 1.1 uF Pad
Arrangement . . . . v 4 v 4 e v e e e e 4 e e e e e e e 8-16
31 Average Direct Voltage Breakdown Strength for Typical -

Capacitor Dielectric Pads Built Up With Five Different
Capacitor Paper Thicknesses Showing Effects of Varying

Number of Paper Sheets Between Electrodes . . . . . . . . 8-19 -
32 The Diclectric Strength of Several Films Versus =
Thickmess o o v v v v v v v v 6 v e v e e e e e e e e e 8-20 -
33 Capacitor Winding Machine . . . . . « « . « .« « v o o . 9-13
34 Pad Test Configuration . . . . « « ¢ ¢ v ¢ ¢ ¢ o « & o 9-6
) Reusable Test Vessel Assembly . . . . . o o . .« o« . . 9-6
36 Oil Filtration System .+ + . . . « < « « « « o v . 0. 9-7
7 Leakage Current and Dielectric Withstand Voltage
Test Circudt . o o v v v v v v o v v v e e e e e e 10-6
1R Histogram of Leakage Current Data for Ultem and
Kimfone Metallized Film Capacitors . . . . . . . . . , . 10-38
39 Histogram of Leakage Current Data . . . ¢« v « v « « o & & 10-9
40 Discharge Voltage and Current Waveforms for (a) 2.2 ufF
and (b) 1,1 uF Pad Test Configurations . . . . . . . . . 10-10




Figure

[%]

O 0 N O

10

12
13

14
15

16

17

18

19

20

LIST OF ILLUSTRATIONS

Density Versus Field for Two Dielectric Systems .

Polyvinylidene Film Dissipation Factor Versus
Frequency . « . o ¢« ¢ ¢« ¢« ¢ ¢ 4 v 0 4 e e 0 e e .

Typical Dissipation Factor Versus Temperature .

Dielectric Strength Versus Temperature of Various
Capacitor Dielectrics . . . .

Typical Large Area Breakdown Test Results . .
Density of Defects in Polysulfone Films . . .
Aqueous Line Contact Electrodes . . . . . .
Nondestructive VBT . . . . & o o ¢« « « ¢« « & o &
Energy Dissipation in Sample . . . . . . . + . .
Electrode Circuits . . . . . . « . . « .
Waveforms . . . « ¢ ¢ ¢ v ¢ v v e e 0 e e e e . .
Surface Discharge — Free Electrode System .

Ion Pair Dissociation Versus Liquid Dielectric
Constant . ¢ « ¢ ¢ ¢ o &« ¢ o « o o s 2+ 0

Brecakdowns Versus Voltage Stress

Breakdown Voltage Stress Versus Time of Applied
Bias Voltage . . ¢ & & v ¢ ¢ v o ¢ ¢ « o « o o W

Charge Distribution Within "Polarized" Dielectric

Percent of Ultimate Breakdown Voltage Under Ramp
Conditions Versus Time of Application of DC
Voltage Small Area Test

Field Distortion Versus Time .
Time-Dependent Breakdown Cumulative Counts/Meter3
Versus Time of Application of Voltage .

Cumulative Breakdowns Versus Time of Application
of Voltage

xi

Page

2-2

2-10

5-11
5-13

5-14
5-15




1.6 AC FILTER CAPACITOR

This capacitor is used as filter for the output of a 400 Hz generator
in aircraft. The voltage is low compared with the capacitors listed above,
being only 140 VRMS. About 35 ARMS of current flows through the capacitor
electrodes. The cperating temperature limit currently extends to 125°C, but
future systems may require capacitors rated at up to 200°¢.

The original design for this capacitor consisted of a large number of
metallized polysulfone film capacitors in parallel, contained with a hermeti-
cally sealed metal case. Problems with yields were experienced by suppliers
of the component and subsystem to the Air Force. The capacitor specification
for this program was General Electric Drawing No. 144A9644, Revision AA. 1Its

requirements are summarized in Table 5.

TABLE 5. AC FILTER CAPACITOR SPECIFICATIONS

Parameter Value Unit
Capacitance (1 kHz) 120 uF
Tolerance -5, +15 Percent '
Voltage (RMS) 140 Volts
Capacitor Current (RMS) 35 Amperes
Feedthrough Current (RMS) 150 Amperes
Surge Current (1) 209 Amperes
Surge Duration (1) 5 Seconds
Surge Current (2) 165 Amperes
Surge Duration (2) 5 Minutes
Frequency 400 Hz
Operating Temperature -55 to +125 °c
Storage Temperature -65 to +125 ©
Dissipation Factor (1 kHz) 0.0025 -~
Insulation Resistance (200 VDC, >1667 Mi2
5 min) >200,000 MQ-uF
Dielectric Withstand Voltage (RMS) 168 Volts

1-9
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The work on this capacitor was aimed at comparing polysulfone and
polyetherimide films for the high temperature application. Reliability and

endurance were more critical than increased energy density.

1.7 PROGRAM SUMMARY

The program was divided into two sequential phases composed of a total -
of five tasks. This report is a description of the developmental effort and
testing conducted by Hughes. A significant portion of the effort of Task III
wias contracted to the Schweitzer Division of Kimberly-Clark Corporation. The

program is briefly summarized below.

I.7.1 Phase I — Material Testing and Selection

Task 1T — Preliminary Material/Dielectric Systems Selection. The most

promising existing material candidates for modification and development were -
determined for the improvement of energy density in each of the four operat-

ing regimes. Preliminary candidate dielectric systems were proposed.

Task Il — Material Test Plan. A comprehensive test plan was devised for

«valuating the materials identified for modification and development. It
allows the assessment of improvement in materials being developed, identified
parameters of particular interest to the capacitor designer for evaluation,

and provides specific acceptance test cr.teria.

Task I11 — Material Fabrication, Testing, and Final Selection. Test

procedures for small and large area breakdown tests were developed. 1t was
shown that breakdowns below the intrinsic level are not caused entirely by
inclusions of conductive particles but by dissolved ionic impurities. A
new material was proposed for use in high encrgy density capacitors, and
samples were fabricated suitable for use in capacitors. Ample quantities

of the new material were manufactured for the next phase. Final dielectric

systems were recommended. The two required presentations were made.




1.7.2 Phase II — Capacitor Pad Design and Testing

Task | — Capacitor Pad Design and Test Plan. Capacitor pads were designed

for the five service regimes, and the designs documented. The special

techniques developed on the previous program were employed, including con-

stant tension flat mandrel winding and high purity impregnation. Test plans

for pad evaluation were prepared. The test bay developed during the previous

program was used for the pulse capacitor tests. Other test fixtures were

constructed for life testing the other cumponents.

Task II — Capacitor Pad Fabrication and Testing. In this task, new materials

were tested by fabricating and testing capacitor pads for four of the five
service regimes. Failures were analyzed and documented so that future

improvements may be made.




2.0 TECHNICAL BACKGROUND

2.1 DIELECTRIC DESIGN THEORY

From the standpoint of basic electrostatics, the design of a high energy-
density capacitor is deceptively simple. The energy density D is the stored
energy divided by the weight:

o D = cvi/ou (2-1)

where:

@}
]

capacitance,

applied voltage,

weight of the capacitor.

For the most elementary model (a two-electrode planar capacitor where edge

corrections are neglected) this equation can be written as:

2
D = (eAV7)/(2twW) a/g) (2-2)
where:
¢ = the dielectric constant,
A = the area of one plate,
t = dielectric thickness.

If most of the capacitor weight is in the dielectric, the second equation

becomes:

D = (eE%)/2d (J/g) (2-3)
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where:
[ the electric field

d

the densityv of the dielectric.

The assumption made to derive this equation is fairly appropriate for large-
Jued high-voltage capacitors. The resulting simplified equation is helpful
in estimating progress during the development process. Clearly the energy
density in the dielectric must be greater than that required for the complete
component to allow for the weight of the case, termination, and foils.
Equation 2-3 can be plotted for different values of ¢ and d such as
uight be obtained for various dielectric sandwiches used in high energy dens-
ity capacitors, as in Figure 1. The upper curve represents a polyvinylidene
1tuoride system, while the lower curve is representative of a polysulfone

svstem for use where large power transfer is required. Tt can be seen that
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Figure 1. Energy density versus field for two dielectric systems.
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only a moderate field strength is required to meet the goal set for the DC
filter capacitor (220 J/kg), but a much larger field is required to achieve
the goal set for the low repetition rate pulse capacitor (1100 J/kg).

For detailed design, a more realistic equation that accounts for foil

weight is necessary:

EZ

ED = ¢/2
(dd + tfdf/td)

Jl/g) (2-4)

This expression takes into account the sometimes appreciable foil weight but
ignores margins, tabs, and terminations.
For pulse capacitors made from three different kinds of dielectric, the

field in dielectric A can easily be shown to be:

A e,e t, . +e,e t_ + e ot um

e e . V
E = B C (V—) (2-5)
A'BC A'CB B'CA

where:
A, B and C = the three different dielectrics
.. = the dielectric constant,
t = thickness
V = the t-tal applied voltage.

The effect of this field division is to drive the electric field in the
material with the lower dielectric constant to a value larger than would be
cxpected if a simple average is calculated.

For the DC capacitor, after the component comes to a steady state condi-

tion, the fields in the three laver situation are:

o, V
~ A v
B = Tt Frt ¥t (um) (2-6)

where n is the volume resistivity and the other symbols are given above.
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As a result, a disadvantage exists 1in using more than one material in
a4 dielectric. Given a particular thickness of dielectric, t, the field in
the single-material dielectric is the average field, V/t. The energy density
is proportional to (V/t)z. The highest energy density i1s achieved when (V/t)
is the brecakdown strength of the material, and this is known as the ultimate
cnergy density of that material. The most desirable way to make a high energy
density capacitor is to use a single material with the greatest ultimate energy
density. If two materials are used, the field in the more highly stressed
material (lower ¢ in the pulse discharge case, greater p in the slow charging
case) will be greater than the average field (V/t). Because the breakdown of
this material will still occur when the field across the material is the value of
the breakdown strength, the allowable voltage is smaller, and the energy density
ot the system is usually reduced from the single material. An alternate explan-
ation is that the two materials correspond to two capacitors in series, one of
which can be stressed higher, and has a higher energy density than the other.
I'his arrangement is obviously less efficient than two capacitors made using
the better dielectric. In paper/film/oil capacitors, the situation is worse
hecause there are three dielectric components.

Yet, there are good reasons for including three materials in a wound capaci-
tor operating at high voltage and high stress. The liquid fills the spaces in
i winding which would otherwise be voids, and would be susceptible to
corona.  Rough surfaced Kraft paper is interleaved between films and foiis
Lo pormit penetration and retainment of impregnant in the winding. Using
speeial processing techniques, all-film windings can be completely impreg-
poled.  Generally, these capacitors had shown extremely steep life versus
stress curves. This characteristic is indicative of a corona failure mechan-
ism. A possible explanation is that the electrostrictive forces, which some-
times produce audible clicking during pulsing, tend to squeeze out the liquid
and leave voids when the voltage is relaxed on discharge (even when the wind-
ing is initially impregnated completely). However, progress is being made
at solving this problem through the use of high~wetting liquids, low tension
windings, and hydrostatic pressurization.

In order to maximize the energy density of the triple dielectric system,
naterials and thicknesses must be combined to achiceve the most efficient use

of each layer. Such factors as the density of the paper, tue total number of

2=4
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layers, the variation of dielectric strength with gauge, and so on, must all
be factored in. A computer program has proven to be extremely useful for this
type of analysis at Hughes.

In reality, the energy density requirements are not difficult to meet.
The real problem is to simultaneously achieve both the energy density and the
lifetime goals. The life, L, of a capacitor dielectric in relation to the

applied field, E, is often represented by the equation

L = cg " (2-7)

where C and n are constants particular to the given dielectric.

This equation reflects the fact that the life of a capacitor will
drastically decrease as its energy density is increased by simply raising
the voltage. To improve both life and energy density, the constants C and/or
n must be altered by way of improving the breakdown strength or permittivity
on the one hand, or by suppressing the processes which cause failure on the
other.

To accomplish the desired goal of increasing energy density without
sacrificing lifetime, tradeoffs between ideal dielectrics for energy density
and for corona suppression have to be carefully considered. The ideal dielec-
trics, unfortunately, are not the same for each consideration. The relation-
ship between the corona inception voltage (CIV) and the dielectric strength
of a capacitor is far from straightforward. For example, the CIV for paper
impregnated with diphenyl chloride drops with increasing paper density, while
brcakdown voltage increases. Reversed trends are also evident with respect to
temperature.ll’12 However, these problems can be resolved by means of mate-
rial selection or modification and, to some extent, by changing the foil edge
shape. Certain polymers show remarkable resistance to corona degradation
relative to some others,13 and the same is true for impregnants.

The foil edge is the location of strong and divergent electric fields.
Several authors have treated the computation of the peak field for various
shapes, and have examined means of grading the field using more conductive or

15,16

higher permittivity impregnants. Parker, in work done at Hughes, examined
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a number of means of treating the foil edge to obtain a smooth, cylindrical
shape.17 Some capacitor manufacturers have folded foil to accomplish this
sesult.  Field grading by means of the impregnant's time counstant for relaxa-
tion may be possible, but the high energy dissipation which would accompany
this choice is often not acceptable. Minimizing foil weight requires minimal

toil thickness and this usually makes foil folding unattractive.

2.2 FALLURE MECHANISMS

Success in achieving the energy density and life of the capacitors
required for future systems will only come from an understanding of the
arocesses which lead to failure and an adequate program to defeat these
processes. A general overview of failure mechanisms in capacitor dielectrics

s piven below.

2.2.1 Electrical Failure

Elcctrical failure in a large pulse-discharge energy storage capacitor
cmost invariably takes the form of corona leading to the establishment of
conauct ing paths, puncture of the insulation, breakdown, and a shorted sec-
cion.  An electric field across the dielectric also produces an electric
field in the gas that fills any voids, bubbles, or other insulation imperfec-
i ilons.  The pas breaks down at a lower electric field than the other dielec-
tric if the characteristic dimension of the imperfection is in the right
range.  In addition, the field in the gas is enhanced by the difference

petween the dielectric constants of the gas and the other insulation. At a

critical electric [ield, a breakdown, or partial internal discharge, will
ocvar in the void. The breakdown is of quite high temperature and tends to
purn the insulation.

in a solid dielectric, the repeated breakdowns carbonize the insulation
and cniarge the void along the direction of the electric field lines. The

void grows with time and breaks down at a lower field strength and higher

current. An increasingly larger amount of damage is caused and the situation

sets worsa. Failure occurs by shorting across the enlarged carbonized void.

The liquid insulations normally used in high voltage capacitors present a BRPREI

WEPAIY VY B M D TR D SR A SRR

different problem as there is a considerable amount of electric-field related

e e
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failure modes. In the simplest case, if the dielectric is organic, the
corona carbonizes the fluid. The particles of carbon line up along the elec-
tric field lines and cause repeated breakdowns at decreasing fields and
finally failure. For inorganic liquids, the effects depend upon liquid type
and sometimces exact composition. They range from decomposition with release
ot HF gas, to flocculation, to lowered breakdown strength. The decomposition
products often attack the plastic or cellulose chemically, rapidly accelerat-
ing the rate of failure.

Ancillary effects in liquids contribute to electrical failure. Very
high electric fields or fields with large divergence, particularly at a point
or rough edge of foil or tab, may cause the spontaneous evolution of gas bub-
bles, either from solution or from decomposition, depending on the liquid and
temperature. In the presence of the electric field, some fluids react with
water to form a dense conductive carbonaceous flocculent. Certain fluids are
catalyzed by certain metals at varying reaction rates. Finally, if any par-
ticulate contamination is present, the contamination tends to line up along
ficld lines, forming a bridge between the two plates.

Partial internal discharges occur first at electrode edges where the
electric field can become several times larger than the average field. This
is especially true when the foil edges are not opposite one another, but are
instead out of alignment, such as in extended foild windings. Such discharges
can be detected long before either a measurable change in dissipation factor
or actual catastrophic failure occurs. This phenomenon is largely a result
of space charge building up in the dielectric close to the electrode. This
charge may be in the form of free electrons which have been field-emitted
trom the metal surface, and ions and electrons which may have been created by
collisions with those electrons. The change in electrode potential during a
voltage cycle reverses the force on those charges, and the field between the
space charges and the electrode surpasses the breakdown strength of the dielec-
tric, resulting in a discharge which does not actually bridge the gap between
btoih electrodes. In the process, heat is generated, molecules are ionized,
and bubbles may form. Each voltage surge now incurs another discharge and the
bubbles grow larger and larger in volume each time. The damage is permanent;

the corona will not disappear, even at greatly reduced voltages. The process
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will continue until the damage weakens the insulation enough to permit a total
breakdown of the dielectric.

Another forwm of elcctrical failure which has been observed in pulse
capacitors, where high peak current densities occur in the electrodes and
teviminations, is that of current flow across holes in metal foils.18 This
resuits in burning of the insulation and, as in the case of partial dis-
charges, eventual failure. When tabs are used to terminate foils of pulse
cipacitors, arcs may occur between the tab flag and the electrode, eventually

disinteyrating the foils.

2.2.2 Thermal Failure

Failures attributable to thermal effects are found most often when power
i+ itransferred at very high rates. The physical phenomenon underlying this
form o1 failure is that all dielectrics dissipate some energy when energy is
itored in them, and some when it is released. A measure of this dissipation
is a bulk material property called dissipation factor or loss tangent (power
“actor is nearly the same thing, below a value of 0.01). The dissipation

tctor DF is defined (ASTM D-150) as:

X
DF = tan § = ﬁR (2-8)
p

wi.ere * 1s the loss angle, Xp the parallel reactance, and Rp the effective AC
naralicl resistance. This parameter, different for different materials, varies

ichowitn frequency and temperature.  As an example, tvpical curves for three

Sitferent temperatures for polyvinylidene fluoride (KF film) are shown in Fig- ,
re 2. The dissipation factor measured for a complete capacitor normally is
-ifuntiy larger than for a dielectric system alone, as IZR losses in the foils

and ivads atfect the loss tangent. Additionally, the amount of power dissipated
wepends on the rate of energv transfer as well as the total energy stored. This
rate  ftect is important.

The failure mechanisms, related either to the temperature rise caused by
dissipation of erergy in the dielectric or to a thermally-triggered effect,

divide roughly into three classes: gross failures caused bv thermal runaway;
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Figure 2. Polyvinylidene film dissipation factor
versus frequency.

insulation failures caused by the crease of dielectric strength with increasing
temperature; and insulation failures resulting from actual decomposition or
change of state of the dielectric.

The first type of thermal failure is often the most spectacular; some-
tines the oil-filled metal cases actually explode as the increase temperature
causes a large thermal expansion of the oil. A thermal runaway normally
requires a material with a dissipation factor versus temperature curve that

increases monotonically, as in Figure 3. Most plastic films and papers
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Figure 3. Typical dissipation factor versus temperaturs.
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cutves with

to tailure is that

that characteristic.  The usual sequence of events leading

the component is run at a high power level and gets warm.

As o the component warms up, more power is dissipated which further increases

Che power dissipation until rfailure occurs. The component container may sud-

doenly

o dupregnaat.

rupture if it

is not equipped to handle the increasing volume of the

Otherwise, the high dielectric temperature will cause the

doviectivic to rfail electrically by one of the mechanisms discussed below.

test

Ve

cenerally the dieleciric strength of a material measured using a standard

(ASTM 149-64) decreases monotonically with temperature. Measurements for

materials are shown in Figure /4. This characteristic behavior

1ises the problem of higihh temperature clectric field stability. While the

S 0nd

test in no wav duplicates actual capacituor operation, the results

iaaacate that, at higher temperatures, lower electric fields must be used in
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Figure 4. Dielectric strength versus temparature
of various capacitor dielectrics.
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siven material to obtain the same operating safety factor. Experience with
standard film capacitors shows an increase in leakage current and a lower
average life at higher temperatures. Usually the ultimate failures are
caused by excessive corona and breakdown.

Each material used in a dielectric system has, as an intrinsic property,

a temperature above which irreversible physical or chemical changes take place.

These changes are different for each material and depend on the particular
environment. Polyvinylidene fluoride (KF film) in the extruded state shrinks
at about 160°C but is chemically stable at 300°C. Cellulose (Kraft paper)
gives up bound water at about 150°C. This water may then cause hydration of
the impregnant or other effects. 1In high electric fields, some impregnants
produce hydrogen gas at high temperatures. Each material is subject to oxida-
tion above a certain temperature. The operation of a dielectric system above
the service temperature of one of its components will lead to failure, the
time of failure depending on the mechanism and the temperature. Both the
ambient temperatures and the hot-spot temperatures within the capacitor,
caused by power dissipation in operation, are of concern here. A component
could be thermally stable (no runaway) but could fail electrically because of
this combination of ambient temperature and service temperature rise.

Thermal failure is of critical importance in the repetition-rate pulse
capacitors, the high frequency AC inverter capacitor, and the 400 Hz filter
capacitor (intended to operate in a 125°C ambient environment). In the case
of the resonant inverter capacitor, it is in fact the power density, and not
the energy density, which is the central design problem. Similarly, the high
repetition rate pulse capacitor is a substantially more difficult component
tian the low repetition rate capacitor, simply due to the increased genera-

tton of heat.

J2.20) Dielectric Flaws

Plastic films may include a number of types of imperfections such as
non-unirorm crystallinity, gel particles, conducting particles, pinholes,
thin spots, cavities, and so on. Many materials contain ionic contaminants

which can severelv affect the dielectric strength under certain conditions of

roltase application.  Because they are high resistance insulators, films tend
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.3 CARAMETRIC CHARACTERIZATION

Tests to completely characterize the material may be performed during
tie development phase but most certainly will be performed at the end «f the
development phase. The purpose of this battery of tests is to give informa-

o Llu the capacitor designer. Therefore, important properties at the

itict.dted operating points in actual devices will be measured.
.0 MJCEPTANCE TESTING

Aceeptance tests are performed to make reasonably certain that the
amusation material is as ordered, to detect gross defects, and to ensure that
chie material has been properly packaged and not damaged in shipment. For
Caese ceasons, neither complete parametric characterizations nor difficult

coveiopmential tests will be performed.
+. v TEST PROCEDURES

rocedures for testing are organized into separate groups for films, oils,
S ooapers.  Each group is divided further into electrical tests, physical
aropeit fes, chemical properties, packaging, etc. The test procedures for
are summarized in Table 8. Test procedures for oil are summarized in
@ iv Y, and test procedures for papers are summarized in Table 10. As

tod in the Test Plan, displayed in Appendix B, the procedure for each test

i~ upecified in detail or referred to an ASTM specificatioen,

con REQUIREMENTS

Ve test requirements are given in tables that give the required test
G and acceptance values for each test. A separate table is given for
bt est o sequence. Not all tests are intended to provide a ''go no-go'
St ritan but rather to provide parametric values of the various material
cropercies of interest to the capacitor designer. For these tests, the word
"Report" appears in place of a specific set of limits for acceptance and

Pejection,

)

4

WSO GRS O RS |




- T - T ——

4.0 MATERIAL TEST PLAN

4.1 INTRODUCTION

As described in the SOW, the Material Test Plan presented in its entirety
in the Interim Technical Report (Hughes Report No. FR-82-76-799) is intended
to perform several different specific functions:

l. To assess the improvement in the materials being developed during

the development phase

2. To identify and evaluate parameters of particular interest to the
capacitor designer, during and at the end of the material develop-
ment phase

3. To provide specific acceptance test criteria, to be applied as an
incoming inspection to the materials as produced in their final
forms

three specific test sequences are envisioned: developmental testing, param-
etric charaterization, and acceptance testing. These are explained in the

remainder of this section.

4.2 DEVELOPMENTAL TESTING

Developmental testing is performed during the work aimed at improving

the characteristics of insulating materials. Particularly difficult or
delicate tests may be included, tests that normally would not be performed R
during incoming inspection. Usually complete parametric characterization
would not be performed at this stage unless new materials or new chemical
compounds were being used.

Developmental tests are performed at the discretion of the development
engineer to show improvement. Only the properties expected to improve normally

would be tested.

(VAT AT |




dissipation factors, while the high power throughput argues for a very low

dissipation factor. Accordingly, Kraft paper is not used, and a very low loss

impresnant is selected.

voutal layers dielectric
Motersat/thiceaess
Foil
Dielectric fluid
Estimates are:
Operating voltage per pad
Average {ield
Average dielectric constant

Energy density

3
Polysulfone/8s.
Aluminum, 6u

Silicone

1500 V

2343 V/mil

3.33

0.05 J/g (21.3 J/1b)
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l.ayers Kraft paper
Kraft thickness
Foil

Dielectric fluid

Estimates are:
Operating voltage per pad
Average field
Average dielectric constant
Energy density

3.3.3 DC Capacitor

3
1-7.6u, 2-10.2yu
Aluminum, 6y

Dioctylphathalate

8000 V

5063 V/mil

4.32

0.28 J/g (128.3 J/1b)

The ripple in this component is low enough so that the principal failure

mechanism will be electric-field-driven rather than thermal.

dene fluoride can be used.

Total layers dielectric
Layers PVDF

PVDF thickness

Layers Kraft paper
Kraft thickness

Foil

Dielectric fluid

st imates are:

Operating voltage per pad
Average field
Average dielectric constant

Energy density

3.3.4

Then polyvinyli-

5

3

9u (35 gauge)
2

7.6u (0.3 mil)
Aluminum, 6u

Dioctylphathalate

8333 V

4273 V/Mil

7.19

0.3375 J/g (152.8 J/1b)

High Frequency AC Capacitor

This component is difficult because of the combination of military
temperature range (although no specific temperature specification is given in
the SOW) and very large power throughput. The military temperature range

rules out materials such as styrene and polyethylene, which have the lowest
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field of at least 10 percent would be achieved. Because the energy density
sves as the square of the electric field, a 21 percent improvement was

projected. ®

3.3  PRELIMINARY CANDIDATE SYSTEMS AND ESTIMATES

“reliminary pad designs and estimates of average dielectric constant,
average stress, and energy density of the pad are given in this subsection. . ®
These designs represent minor changes, in most cases, to designs previously

developed; therefore, some data, particularly weights, are used from previous

Jesigne.,
o
i.3.1 High Repetition Rate Capacitor
This design is similar to that found in AFWAL-TR-80-2037, page 86, label-
ted design A,
. . L
Total layers dielectric 5
lLayers polysulfone 2
Jolysulfone thickness 6y (24 gauge)
fayers kraft paper 3 . -
. ®
Kraft thickness 7.6u (0.3 mil)
Foll Aluminum, 6y
dielectric fluid Dioctyliphthalate
o this confipguration, the following estimates can be obtained: ®
Uperating veltage per pad 7500 v
voorage 1ield 5068 V/mil
werage dielectric constant 4.29
inergy density 0.28 J/g (128.6 J/1b) L
..3.2 Low Kepetition Rate Capacitor
This design is similar to the above design. The repetition rate is too
high ro allow the use of polyvinylidene fluoride. : ® 4
otal layers dielectric 5
Lavers polysulfone 2
Polysulfone thickness 6. (24 gauge) S
o |
3-8 RS
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at low frequencies and low at high frequencies. The DC resistivity is

characteristically low. However, both resistivity and power factor are
affected by the chemical purity of the ester. To take maximum advantage of

the desirable properties of dioctyl phthalate, the fluid must be highly refined
to achieve and maintain a very low acid number and a very low dissolved water
content. As a generic class, the organic esters are more vulnerable to

hydrolysis by water than are the hydrocarbons and silicones.

3.2 EXPECTED IMPROVEMENTS

Primarily as a result of the expected improvement in the polysulfone
film, an expected 21 percent improvement in energy density was originally
estimated.
if the number of breakdowns per unit area of a large piece (%lOOcmZ) of
film is measured as a function of applied field, a curve such as that shown
in Figure 5 is obtained. The failures in the lower field part of the curve
represent the defects that cause the capacitor structure to fail at a field
well below the knee of the curve. Initially it was though that the steps
described above would result in the elimination of many of those "defects," -
causing the curve to be essentially at the zero count level until the knee

was reached. It was thought that an improvement of the operating electric

2500
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Figure 5. Typical large area breakdown test resuits.
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A matte surface can be impressed onto the plastic film easily, at least
in principle, since the polysulfone (and most other candidate films except
polyvinylidene fluoride) is solution cast., A casting drum would have to be
provided with a pattern engraved on the surface, and the pattern would be

replicated faithfully on the surface of the film.

3.1.4 Film Lamination

Capacitors are normally made with a multiplicity of layers, to greatly
reduce the possibility of failure due to a through hole or conducting flaw in
a single film., It is clearly also possible to make a laminated film, in the
manner of a flat cable, which would greatly reduce the through holes but that
would have the advantage of winding as a single film. This material would
have a substantially higher dielectric strength than a single film of the
same thickness. It was thought that it might be possible to make a two-layer

lamination in about the same thickness presently used (7 to 13 um).

3.1.5 High Dielectric Constant Impregnants

A number of fluids with dielectric constants exist in the range 6 to 12.
Two are well-characterized, and the remainder are either little used or new
experimental materials. Fluids with large dielectric constants exist; the
most common example is water. In general, however, these fluids are useful
only in certain specialized situations and are not applicable for military
capacitor service. The properties of some of the possible fluids are summa-
rized in Table 7. The polychlorinated biphenyls (PCBs) have been widely
uscd as capacitor fluids. Formerly available as Arochlor, Pyranol, or
inerteen, they were not considered for this program because their production
and use were banned in the United States after 1974.

bioctyl phthalate was selected as a candidate fluid for its potentially
high energy density storage properties. This material was one of four selected
for capacitor use in the previous AFAPL program, and extensive contamination

and compatibility experiments have been conducted. This organic ester is

beinyg used commercially in transformers and capacitors as a replacement for
the unavailable PCBs. The ester offers a relatively high dielectric constant

and a low density. The power factor of the organic esters is relatively high

3-5
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of the paper-fluid assembly will increase (if the dielectric constant of the

tluid is below 6.3). Also, because therc are fewer spaces, the chance for

clectrically weak spots is reduced; therefore, the average dielectric strength

is improved. All of these factors aid in achieving a more favorable field

balance -- one in which each material is stressed at the same percentage of its
“odkvown stress.

Thus, several advantages accrue:

Thinner tluid laver (higher dielectric strength)

’. Higher effective dielectric constant
3. Higher dielectrir strength (paper)
4. Better field balance (AC and pulse).

s b3 Kratt Paper Replacement

As vencrable an insulation as it is, Kraft paper has three serious
drawbacks:

v, Shrinkage (non-isotropic)
) Moisture absorption

3. Low decomposition temperature.

{herefore, it might be interesting to investigate a replacement that performs
the seme functions as Kraft but that does not have as many bad features.
S'rictly speaking, the common explanation that Kraft paper acts as a
wick or a medium enhancing impregnation is fallacious, since the paper is
sotually nonporous and nonwicking to any liquid that is not aqueously based.
Frait first functions as an electrical barrier, as any plastic film would,
caisimy the insulation breakdown voltage from 400 V/mil for fluid to about
4500 V/mil.
iy a barrier, breaks down at about 700 V/mil. Second, the Kraft provides

By comparison, fluid filled porous felt, which acts as a wick but
ol
means for defeating the electrostrictive failures. Any replacement must

scek to do both these tasks.
Kraft paper can be replaced in one of two ways: the impression of a

matte curface onto a plastic film or the treatment of the film to enhance

wettability. The first method was explored extensively.
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3.1.2 Denser Kraft Paper

A separate subject in the development of improved dielectrics for high
energy density capacitors is the use of a denser, thinner Kraft capacitor
paper than currently used. Several advantages can be realized by such an
approach. First the entire dielectric pad becomes thinner, and higher capaci-
tance is obtained at equivalent basis weight. Second, a denser paper will
produce very thin layers of impregnating liquid. The dielectric strength of
liquids, while generally lower than that of dielectric solids, can be very
high if the layers are thin enough. Finally, the paper substance, because of
its higher dielectric constant, transfers much of the electrical stress to
the dielectrically stronger layers of film. Hence, a more dense paper will
mean even more stress will be transferred to the film.

One problem encountered in the previous AFAPL program was the optimiza-
tion of the design of AC and pulse discharge capacitors to obtain the maximum
safe energy storage in each dielectrical layer (film, paper, oil). A typical
field distribution for a very high energy density component is given in
Table 6. The field distribution in an AC or pulse component depends on
both dielectric constants and thicknesses of layers, so that the use of a

denser, thinner Kraft will shift more stress to the polysulfone.

TABLE 6. FIELD DISTRIBUTION IN PULSE DISCHARGE COMPONENT

Material Field, V/mil Breakdown Field, V/mil Ratio*
Kraft 3430 4500 0.76
Polysulfone 5266 7500 0.70
0il 2761 4000 0.69

*Operating field/breakdown field

e AT I
U, Sy LS, S G TE

The dielectric constant of Kraft is somewhat of a volumetric average
number. The figure of cellulose is 6.3, while that for dry Kraft is in the
range of 3.5 to 5. This is because the Kraft is not smooth; therefore, some
of the volume between measuring electrodes fills with air (or, iun a capacitor,
the oil used for impregnation). A denser paper has more Kraft per unit volume

and fewer spaces. Then there will be less fluid, and the dielectric constant
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of approaches was included in the proposal, per the requirements of

paragraph 4.1.1.1 of the SOW. Only those techniques seriously pursued in the

tirst phase are discussed in this section.

5.1.1 higher Quality Films

The practical operating stress of film dielectrics, in generai, is far

selow the "intrinsic dielectric strength' of the polymer. But experiments

Jenonstrate that, at least in tests on small areas where the likelihood of

vacountering an electrical weak spot is
15 kV/mil can be attained. In spite

- apended in the production of film with

slight, breakdown stresses in excess
of this fact, not much effort has been

fewer weak spots because historically

such films have been used in metallized capacitors in which the weak spots

can be eliminated easily by '"clearing'. Experiments have shown that these
ciectrically weak spots may be the result of conducting particles, voids, pin-
holes or low basis weight (low mass/area).

The initial goal of the research program was to develop polysulfone film
that, by reducing the frequency of electrical imperfections, can operate at
olectrical stresses significantly above those currently employed. Polysulfone
{ilm was chosen for study because it has goud dielectric properties over the
temperiture range of interest, is compatible with a range of dielectric fluids
wised for impregnating capacitors and, most important, is already of a quality
ihat the goals envisioned for the program were reasonable.

The first step in this program was to identify, by non-destructive test-
i1y, the most frequently encountered causes for low electrical strength.
ihuse techniques have been used in the past by the Schweitzer Division for
identiiying causes of breakdown in both films and in paper. Then, improved
cxperinental films were to be made on the cagting equipment. Improved tech-
rigques for the filtration of casting solution (dope) were explored during
{i..s phase in an attempt to reduce the number of conducting particles in the
film. Also, filtration of drying air was explored to reduce the number of
particles deposited on the film. Large area specimens of these films were
tested for electrical breakdown to assess the progress. The final step was
scaling up the laboratory developments to production size equipment. The
influence of hot stretching on impairing dielectric strength was considered

carcetully at this point.
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3.0 PRELIMINARY MATERIAL/DIELECTRIC SYSTEMS SELECTION

In this first phase of the program, the dielectric materials requirements
were determined, candidate materials and improvements were selected, and
improved materials were fabricated and tested. This phase was divided into
the three tasks discussed in this section. The Schweitzer Division of
Kimberly-Clark assisted in the performance of Tasks I and II and performed
substantially all of Task III.

The program conducted by Hughes before the present program resulted in
the development of lightweight high~repetition-rate pulse discharge capacitors
employing polysulfone, kraft paper and dioctylphthalate as a dielectric sys-
tem. These capacitors, designed to a performance specification similar to
that of paragraph 4.3.1 of the Statement of Work (SOW) of the present program,

program, failed by two different mechanisms:

1. Random dielectric failures (RDF)

2. Corona at foil edges.

The first failure causes both infant mortality and wearout, while the second
is primarily a wearout mechanism. The problem of corona at foil edges has
been discussed in the literature and was addressed during the previous pro-

gram, although only small foil specimens were actually fabricated and tested.

The improvements sought in this task were, therefore, in the reduction of

RDF in the dielectric system.

3.1 CANDIDATES FOR IMPROVEMENT

The quality and energy density of a capacitor dielectric system might

AR RO

be improved by several methods. An extensive discussion of a wide variety
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Variations in winding tension can also stretch the thin materials and produce
wrinkles. These wrinkles are points of field enhancement or stress concen-

tration, and are potential sources of failure.

2.2.5 Mechanical Failure

The rhythmic charge-discharge of pulse capacitor sections can produce
mechanical motion at the pulse frequency, particularly if the sections are
wound by conventional techniques; the standard technique produces rather
loosely packed sections. In severe instances, the capacitors emit clicking
noises at each discharge. The mechanical motion causes tabs and connections
to fracture and sometimes causes the center of the winding to walk out of the
section. This pumping of the dielectric tends to squeeze the impregnant out
of the winding in all-film capacitors, resulting in voids when the stress is
relaxed. Kraft seems to prevent this by resisting the rapid flow of liquid

out of the winding as a result of its complex surface.
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to build up surface charges and to collect dust out of the air during winding

operations.

Kraft paper has similar problems which are typified by large numbers of

pinholes and conducting particles per unit area relative to plastics. Because

ey

of its very nature, paper is very difficult to clean up. 1In addition, the

o
o

velluivose fibers which comprise the paper become detached and suspended in

the impregnant. These fibers may line up and form bridges across the insulat-

ing fluid.

The impregnant itself invariably contains some particulate contamination,
even after special filtering and refining. Many of these particles will be
conductive, or, like the cellulose fibers, will aggregate and severely lower
the breakdown voltage of the liquid.

All of these imperfections result in random dielectric failure. These
failures are obvious because they occur away from the highest stress region —
tne foil edge — and are often termed bulk failures. The exact cause of the
failure can seldom be identified, due to the damage which results when the
stored energy in the capacitor is expended in the breakdown and vaporization
or melting of dielectric and foil. Because of the microscopic nature of the
actual flaws, even very small amounts of energy can eliminate all traces of

them.

2.2.4 Manufacturing Flaws

Due to the stresses involved in achieving high energy densities, the
¢limination of imperfections is very important. Not only are flaws present
in the materials themselves, but they wmay also be introduced in the process
ot manufacturing the capacitor. Typically, the steps involved include wind-
ing, ;ressing, assembly, drying, impregnation, and sealing. Insufficient
attencion to the details of processing the capacitor can result in wrinkles,
underarying, inclusions of foreign particles, tearing of the dielectric,
unstable capacitance, gas voids, and so on.

A common practice is to wind capacitor pads on cylindrical mandrels and
then flatten them to a more rectangular form suitable for packaging. This

mcthod generally results in distortion and deep wrinkling after drying.
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TABLE 8. TEST PROCEDURES FOR FILMS

ELECTRICAL TESTS ROLL FORMATION AND
Dielectric Constant CHARACTERISTICS
Dissipation Factor Cores
Surface and Volume Resistivity Roll
Dielectric Strength Quality
Gross Flaw Width and Diameter
Fine Flaw Splices

Marking

TESTS FOR CONTAMINANTS
Surface Contamination PACRAGING
Residual Solvent Wrapping
Moisture Abosrption Outer Package

General Requirement
PHYSICAL AND MECHANICAL
TESTS

Film Thickness

Film Density

Tensile Strength at Break
Elongation at Break

Shrinkage
TABLE 9. TEST PROCEDURES FOR OILS

PHYSICAL PROPERTIES CHEMICAL PROPERTIES
Viscosity Neutralization Number
Flash and Fire Points Water Content
Pour Point Inorganic Chlorides and
Specific Gravity Sulfates
Weight per Gallon Oxidation Stability
Interfacial Tension Oxidation Inhibitor
Color Constant
Visual Examination Gassing

ELECTRICAL PROPERTIES PARTICULATE CONTAMINATION
Dielectric Constant
Dissipation Factor
Dielectric Breakdown Voltage
Volume Resistivity

4-3
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TABLE 10. TEST PROCEDURES FOR PAPERS
}l Ei.ECTRICAL PROPERTIES CHEMICAL TESTS '.‘
\ Dielectric Constant Aqueous Extract Conductivitw
! Dissipation Factor Soluble Chlorides :
‘ Dielectric Strength Acidity-Alkalinity-pH -
Conducting Paths Moisture Content -
Fine Flaws -
i ROLL CHARACTERISTICS AND ‘ L
; PHYSICAL TESTS PACKAGING
|
' Paper Thickness Cores
| Apparent Density Ro1l Workmanship
1 Hioles and Felt Hair lnclusions Width
i Tensile Strength and Yield Marking P
| Properties Packaging
L Air Resistance
4.7 USING THE TEST PLAN
The test plan is divided into films, oils, and papers. The test pro- '.
cedures (specifications) are listed according to each group. Most tests are
rerformec per ASTM specifications. Special tests are explained and defined.
Tiie test requirements are summarized in the tables according to test sequence;
i.c., developmental, parametric characterization, or acceptance tests. To 'bJ~
use the test plan, the test sequence must be picked and then the appropriate )
tests selected from the table of test requirements. :
The Material Test Plan is a flexible, comprehensive document. It can be iff
nsed effectively to: ]‘ ’
i. Assess improvement in materials being developed
Provide data of interest to the designer during the development
phase.
although the test plan is not organized along the lines of a military specifi- o
cation, it could be used easily to produce a military specification that
would furnish in-process controls for manufacturing and provide acceptance
tests for production materials. .
g ®
o
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5.0 MATERIAL FABRICATION AND TESTING1

5.1 INTRODUCTION

The manufacture of capacitors with high energy density places severe
demands on both the dielectric material and the workmanship in the capacitor
itself. This latter problem has been addressed in previous work at Hughes.
The purpose of the present work was to develop improved dielectric materials.
Since the energy density in a capacitor varies with the squaré of the applied
voltage, the most effective way of building high energy density capacitors is
to use dielectric materials that will withstand high voltage stress without
breakdown.

Previous work at Hughes on a wide variety of available dielectric mate-
rials showed that polysulfone film had the necessary combination of properties
to make it suitable for further development. These properties included
stable dielectric constant over the range of temperatures and frequencies of
interest and a low dissipation factor over the same range of temperature and
frequency. Therefore the primary goal of this study was to produce a poly-~
sulfone film with a significantly higher dielectric breakdown strength than
standard commercial film. Further, the technical effort could be redirected
toward other materials that may increase the likelihood of achieving increased
dielectric performance.

It is fair to ask why commercially available polysulfone dielectric film
does not have a dielectric breakdown strength high enough to be useful in high
energy density capacitors.

The answer is primarily a practical one. By far

the largest use of such films is in metallized film capacitors in which defects

]This work was carried out by E.P. Bullwinkel and A.R. Taylor at Schweitzer

Division, Kimberly-Clark Corporation.
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in the {ilm are "cleared" when voltage is impressed, leaving a tiny hole in
the dielectric and a small area around the hole where the thin metallized
layer has been vaporized. This process removes imperfections in the film
without harming its dielectric properties. Such a process does not pertain to
{ilm/foil constructions as envisioned for high energy density capacitors where
onv breixzdown in the capacitor would result in a short circuit. In addition,
typical metallized film constructions are used at significantly lower fields
than envisioned for high energy density capacitors. Thus, no commercial
reason has been found for providing polysulfone film with high dielectric
strength.

The intrinsic dielectric breakdown strength of all dielectrics (polysul-
fone included) is well above that observed in practical applications; i.e.,
breakdown stresses of 700 to 800 V/um (18 to 20 kV/mil) can be observed under
special conditions and these levels of stress are inherent or "intrinsic" to
rhe diclectric. At the beginning of the present program, it was believed that
treakdowns below this level were related to inclusions of conductive particles,
‘nin spots or holes in the dielectric. As shown in this section, while these
terects are undoubtedly important in dielectrics, other phenomena are also
tmportant, especially at high stress, and remain poorly understood.

The various test apparatus and procedures developed for small and large
area destructive breakdown tests, attempts at developing a nondestructive
breakdown test, and equipment for measurements of conductivity on various films
are described here. Then, the experimental results for large and small area
breakdown tests and the conclusions are given. Finally, the recommended

Sletectric systems are discussed.

;.2 VOLTAGE BREAKDOWN TESTING

N

At the beginning of this work, a strong belief was that the key to
improving the large area dielectric strength properties of polysulfone films
would involve lowering the density (number per unit area) of possible defects
(Figure 6). Such a belief immediately suggests that it would be extremely
viiwblie to have a method of determining the actual density of these individ-

ual defects so that the efficacy of various process modifications could be
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Figure 6. Density of defects in polysutfone films,

directly known and not merely inferred. Accordingly, much effort was expended
on developing nondestructive voltage breakdown testing (VBT) methods that
would survey large film areas continuously. This work was in two parts. In
the first, electrode systems would be developed that would give essentially
line contact across a moving film web without causing mechanical damage to the
delicate web. (By the provision of indexing markers, portions of film carry-
ing the line locus of breakdown could be removed from the web and subsequently
scanned along the line to exactly locate the breakdown site.) The second part
was circuit development that would remove or reduce the enormous power dissi-
pation at the breakdown site. (This dissipation is responsible for the
destruction of any defect evidence in ordinary VBT.)

While success was achieved in developing suitable electrodes, the second
part that involved preservation of the breakdown site proved intractable.
Before these matters are discussed, one quick, simple method of large area
VBT employed over the years is described. This static method merely involves
laying a film sample on a large, polished bfass plate, that acts as one elec-
trode. Next, a web of metallized film, metal side down, is carefully placed
over the sample to serve as the second electrode.

When voltage is applied across these two electrodes, electrostatic forces
in conjunction with the limpness of the two films tend to squeegee out bother-
some air interfaces and give very intimate electrode-film contact. Whenever a
voltage breakdown occurs in the test sample, the metallized film electrode
"clears." This clearing, the result of volatilizing of the metal adjacent to
the breakdown site, not only gives a permanent visual record but also auto-
matically disconnects the site from the remaining test area so that the test

can be continued without the need for external interveation.




Apart from the slight bother of laying up samples, this test is extremely
aseful.  Indeed, this method was used for most of the large area testing (LAT)
reported. Nevertheless, since the method involves volatilizing metal, it
sertainly is not the basis for nondestructive VBT of polymer films.

Returning now to the development of line contact clectrodes suitable tor

atiay woving film webs, the final design evolution is shown in Figure 7.

!

FiLMm

POLYURETHANE FOAMPAD

ELECTROLYTE

COPPER WIRE

PLEXIGLAS
RESERVOIR

Figure 7. Aqueous line contact electrodes.

1 this arrangement, the actual electrical contact to the film is achieved
ivoan ccjueous electrolyte solution maintained in situ by various surface ten-
slon and electrostatic forces involving this solution, the foam pad wicks, and
S under test. While the polysulfone film surface is sufficiently hydro-
ctobic so that a discoatinuous (beaded) clectrolvte film is deposited on the
weh o i exits drom the tine contact, these electrodes must be used carefully
toorro chde surticient dead time following a breakdown so that false surface
Plesiiovers are avoided.  In general, this dead time (i.e., voltage removed)
et e long enough so that at least | oem of {ilm has passed through the
clectrode svstem,

Tie raverite electrolyte has been 0.1F Cu (en)) SOQ. In'contrast to

crdinary C,uSO,4 solutions, this ethylenediamine complex ion avoids fouling the

copper terminals with various copper oxides., Additionally, the strong violet




color of this ion is helpful in aligning the electrodes. Experiment has shown
that the bulk conductivity of polysulfone film is not enhanced in the presence
of this aqueous electrolyte.

The use of the wedge shaped pads (available in most hardware stores as
paint applicators) permits line breadth contacts down to approximately 1 mm so
that interelectrode capacitances of only 25 pF per cm of electrode width are
achievable with 10 um polysulfone film. (The importance of this capacitance
will become clear below.) The electrical contact with the film by these
conformable liquid electrodes is equivalent to that obtained with evaporated
metal electrodes, i.e., no disturbing air gaps are present.

The principles of nondestructive BVT are simply stated - detect the very
first beginnings of voltage collapse across the sample and then, as quickly
as possible, disable or crowbar any energy sources that can promote any future
growth or duration of the breakdown process with the reasonable hope thar the
sample will be returned to its normal insulating state undamaged. (These
energy sources are invariably various stray capacitances that are fully
charged to the particular test voltage at the time of breakdown initiation.)

A reasonable cirucit for performing these tasks is shown in Figure 8

where a small thyratron crowbar can be triggered into full conduction in

+400

v,

T
KEEP ALIVE
THYRATRON CROWBAR
A, (BM)

INTERELECTRODE
CAPACITANCE

——N\-r - —AAN~— I

50

| |

<, 4 = ELECTRODES

INDEXING
L - DISCAIMINATOR 4}-———» MARKER

!
| \urrER ELECTRODE:
TO-GROUND
] caracitance R, (2K)
|
(.

Figure 8. Nondestructive VBT.
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approximately 10 to 20 ns by overdriving its grid with a fast discriminator-
trigger circuit (avalanche transistors). The discriminator is provided to
'itinguish a truc breakdown event from minor surface discharges that occur
when using the aqueous line electrodes described above. The input to this
discriminator is uwenerated by current pulses that flow from the lower electrode
t¢ orewid.  (As will be showa, this embodiment leads to serious errors.)

Since the thyratron crowbar is not instantaneous, the success of the
circuit in Figure 8 in providing the nondestructive VBT resides in the
sample behavior itself. As shown in Figure 9, the question arises, can the
sample dissipate the energy stored in the interelectrode capacitance Ce during
the wait for the crowbar action without physical harm? (The upper electrode-
to-uround capacitance, Cu’ usually is negligible compared to Ce.) Initially
the answer to thi. question would have been yes, but further diagnostic
examination of films so tested gave such conflicting results that doubts
arose as to whether nondestructive VBT was being observed when using the cir-
cuit of Figure 8. Indeed, the results obtained had been masked by surface
wischirges. This masking can best be understood by considering Figure 10,
vhere a surface discharge is simply considered to short out capacitor C'S
“tis shorting of capacitor C'g leads to the waveforms shown in Figure 11.

Of particular interest in Figure 11 is the lower e, waveform that
slosely mimics the expected results for a true breakdown, especially when
various risetime problems are considered. Unfortunately, this waveform has

«en nsed as a measure of breakdown and to trigger the crowbar circuitry. It

STORED ELECTRO

P ODE
STATIC ENERGY, v PERFLECTR o

Vy
—— - v2C Vv . erreererere
r T RIS
‘ ~ B RIS |
, R
! |_> BREAKDOWN
| « CHANNEL
' » —_— (]
T < Py v
) Py v
| Ly b
BREAKDOWN RN
: CHANNEL RN
e o= \LOWER ELECTRODE

Figure 9. Energy dissipation in sample.
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Figure 10. Electrode circuits.
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Figure 11. Waveforms.

tr, obvious from Figure 11 that the true distinction between surface discharge
wd breakdown is best made by noting that in the former case the voltage eu
tails to gzo Lo zero.

L+ investigate breakdowns in which these surface discharges are absent,
tests waere performed with the electrode system shown in Figure 12. Here a
Taed o sample peometry is oused with a conformable mercury electrode surrounded
Looa ooor of minerai oil.  This arrangement eventually became the standard
st oarea test (SAT).

Yo ominimize the intercelectrode capacitance and thereby give nondestruc-
Live testing the best chance, the mercury contact with the sample was restricted
Lo a v omm o diameter circle (CC v pF). This test voltage was applied as a

linearly rising ramp of 0.8 kV/second. (Here the desire was not to intention-

ally overstress the sample test area.) In all cases, the samples failed abruptly,

with ¢ collapsing to zero in submicrosecond time., Subsequent examination of
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Figure 12. Surface discharge — free electrode system (SAT).

LOWER ELECTRODE

the failed areas invariably showed the presence of 10-60 um holes. 1In addition,
scanning electron microscopy showed that the borders of the holes were thick-
ened, thus giving the distinct impression that the holes result from melting
of the film with subsequent surface tension forces pulling the film into this
pattern. Calculations of the electrical energy stored in the interelectrode
capacitance of 5 pF show that sufficient energy exists under adiabatic condi-
tions to cause such melting easily. Indeed, the whole breakdown act is so
fast (nanoseconds) that no hope exists of performing nondestructive testing
with electrodes of any reasonable dimensions.

Several reports in the literature claiming nondestructive VBT of dielectric
films also show results that are masked by the problem of surface discharges

masquerading as true breakdowns.*

5.3 MEASUREMENT OF TONIC CONTAMINANTS IN POLYMER SOLUTIONS AND SOLVENTS

The dielectric loss of a polar liquid, such as methylene chloride, repre-

sents the sum of losses arising from dipole relaxing processes whose time
scales intrude on the particular measurement frequency and losses representing
DC conductivity. Since all polar liquids of reasonable viscosities have
relaxation times of the order of 10-12 seconds, it is a very good approxima- é?ﬁi

tion at low frequencies (10 kHz or lower) to ascribe all the observed loss to

* Riel, et al., "2 fur angew,'" Phys. 27, p. 261, 1969. R
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DC conductivity. Thus, if the familiar parallel model definition of
Jdissipation factor is combined with the geometric definitions of capacitance

and conductance, this important relationship may be definea:

12
DF = 2 X 19 Y
fe

5
i

dissipation factor

’

il

{frequency of measurement, Hz

#

dielectric constant of the liquid
)

o
LY

fi

specific conductance (ohm - c¢m)

This relationship indicates that the DC conductivity of a fluid may be
measured by measuring its dissipation factor with a capacitance bridge connec~
tvd to a simple capacitance cell containing the fluid as the dielectric (a
siall air capacitor submerged in the liquid will do). It is important to note

- 12 . .o
the enormous numerical factor of 2 x 10 relating DF to specific conductance.

ihe conductivity of a liquid is solely ascribable to the presence of ions,

wihrich can arise from two sources. The first is the intrinsic property of the
) L + - . .
tiguid to autoionize, e.g., H20 =H + OH . (As a practical matter, this

autvionization is assumed to be negligible.) The second and more interesting

.ourve is the presence of adventitious contaminants that can dissociate in the
diclectric liquid to yield ions. Here the enormous influence that the
jedectole constant of the liquid plays on the extent of this dissociation
“ai,0 be understood.  As shown in Figure 13, a few parts per million of a
quaternary ammonium salt in mineral oil (¢' = 2.2) would exist almost com-
pretely in the form of neutral ion pairs, [R N+NO.]O, and as such would make

4 3
littie or no contribution to the liquid's dissipation factor. However, if

this same concentration of this salt were present in methylene chloride

1

{ 9), its contribution to the liquid's dissipation factor would be

cuormous because the dissociation constant of the salt has been increased by

i 12 . .- . B
a factor of 197! (1t is reasonable to infer that the often observed fact
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Figure 13. lon pair dissociation versus
liquid dielectric constant.

that liquids of high dielectric constant are always quite lossy arises from
this exponential influence of dielectric constant and not on a particularly
enhanced concentration of impurities over that present in liquids of lower

dielectric constant.)

Thus, the basis is attained of an extremely sensitive and simple testing
svstem for assaying the concentration of ionic contaminants in polysulfone
resin, sotutions and solvent systems; i.e., known quantities of these materials
are dissolved in carefully purified (distillation) methylene chloride and the

dissipation factor of resulting solution measured.

5.0

POLYMER FILM CONDUCTIVITY

All measurements were performed with gold sputtered electrodes, which were
ollset from one another so that limp, aluminum foil electrodes could be
attached with Aquadag. The effective area was calculated from capacitance

measurements.

5.5 FILTRATION STUDLES

Many experiments were performed to evaluate the effect of filtration of
the casting solution on the breakdown properties of polysulfone film. In some

cases, before the films were actually cast, the performance of the filter was
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diuated by diluting the casting solution with filtered methylene chloride
i1 fittering the solution on Millipore filter pads and counting the number
- -
particles. A typical analysis of this type is presented in Table 11. ®
4
TARLE 11, PARTICLE ANALYSES OF FILTHRED CASTING SOLUTIONS -
.J
<
Particle Analysis . ®
(per gram resin)
Micrometer ]
Filter Type Rating 7-15 pm 15 pm
= 4
<4
[QTRRN i 0. 1 2 .1 .
Cox 2 5.7 1-0 1
Cox 17.0 5.2 :
Cuno {0A 10 3.7 1.8
o
Vilivs prepared from filtered casting solutions were cast on the labora-
v ocuster and the number of breakdowns counted using a large area test (LAT). .
~eakdowa counts per unit area are shown in Figure 14 as a function of stress. -
I an attempt to improve the breakdown performance of the laboratory cast L
Do various other procedures were employed to eliminate particulate conta-
imaticn during the casting operation. These steps included a second stage
o tiltration for the drving air for the lab caster and enclosing the caster _f‘
. . . A . [
. teat to reduce airborne contamination. These additional procedures did
U attect the occurrence of dielectric breakdown. .
“ochese experiments proceeded, it became increasingly apparent that mere -
Sicration of the casting solution and attention to the details of maintaining 1
S .. - L
gariiciv-tree film were not the whole reason for breakdown at the voltages R
! odnterest.  This tacl is noted by considering the particle counts presented - ;
n Table 11 and the breakdown results in Figure l4. Consideration, for R
<ample, of the particle counts for the ! um Cox filter shows that there are a - *'4
Ny . . . . o
otal of 140 particles greater than 7 um in a square meter of film such as 3
hat presented in the breakdown results of Figure 14. Since the film is about ;_f-.’j
“oam thicks there are not nearly enougn particles to account for the large e
aaber ol breakdowns observed. T
s |
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». % TEXTURED FILM

At the outset of this work, one stated poal of the program was to develop
1 technique for providing a film with a textured surface. 1t was thought that
st o material might provide a capacitor winding that could be impregnated
e thus av,id the necessitv of using Kraft capacitor tissue with its inherent
tolsiure absorption.  To fulfill this need, Cltem polyetherimide film was pre- .
voted on o a sandblasted laboratory casting drum. Scanning electron micrographs

this film and a comparative micrograph of film cast on a polished casting

rum show that, while the exact extent and nature ot the roughness introduced
. thiis experiment may not be optimum, casting on roughened drums does seem to

we o viable technique for producing textured film.
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TABLE 14, PROPERTIES OF ULTEMw AND POLYSULFONE RESIN
® -
Property Polysulfone Ultem
Class Transition Temperature, °c 190 217 :
: Ultimate Tensiie Strength, psi 15,000 26,000 'Ej
‘ Oxygen Index (bulk resin) 30 47
|
{ Dielectric Constant 23°C, 60 Hz 3.07 3.0
Dissipation Factor 23°C, 60 Hz 0.0008 0.0012

Accordingly, film was cast from this material, stretched in the fashion

as lor polysulfone (although at a higher temperature) and slit into bobbins.

The breakdown characteristics of the film were determined using both the aqueous
electrode and the metallized film electrode systems.

tests are shown in Figure 25.

The results of these

When this curve is compared with those for

polysulfone, considerable improvement in breakdown characteristic is noted

over polysulfone. Therefore, this material was selected for further study

and evaluation.

400

300 I—

2

200
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| O
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Figure 25. Large area breakdown counts/meter?2
versus voltage stress Uhem™ film.
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Figure 24. Large area breakdown versus voltage stress.

sides, in addition to large area breakdown tests using the brass
plate/metallized film electrodes. These extra precautions were taken to avoid

any potential problems with air gaps between the sample and electrodes.

5.8 POLYETHERIMIDE FILM

During this work, a new polyetherimide resin was commercialized by the
concral Electric Company. This new marerial, with the trade name of Ultem®
has many properties to recommend it for high energy density capacitors such as
proposed in this study. The relevant thermal, mechanical and dielectric
properties of both polysulfone and Ultem® are given in Table 14,

From these properties, the permissible operating temperature of capacitors
made from Ultem® film is assumed to be higher than for polysulfone. 1In
addition, because of its superior strength, fabrication of capacitors may be
casicer. Finally, because of the very high oxygen index for this material, the

flammability of capacitors is considerably reduced.
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Figure 23. Current density versus voltage stress for

treated and untreated film.

While experiments measuring the ionic contamination in the casting
solution, small area tests, and film conductivity all show some improvement in
film properties, these improvements were a result of decontamination pro-
cedures and were not carried through to large area breakdown tests or time-
dependent breakdown. To evaluate the dielectric strength properties of films
without the necessity of handling or further contaminating the film, the
laboratory casting machine was fitted with an aqueous line contact electrode
system as described in Section 5.2.

A polysulfone solution was treated with activated carbon and filtered
through a composite filter medium consisting of a 5 and 0.65 pym filter. The
dissipation factor of the solution thus prepared was 43 percent in a 7 percent
polymer solution. The breakdown counts using the aqueous electrode system
are shown in Figure 24. Comparison of this figure with Figure 14 shows
that very little improvement has been gained in large area testing.

Films cast from treated solutions also exhibit time-dependent breakdown.
For these experiments, a number of breakdown tests were performed using film

samples of approximately 6 cm diameter that were sputtered with gold on both
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TABLE 12. DLSSIPATION FACTOR MEASUREMENTS FOR VARLOUS SOLUTIONS

T
! Percent Percent
: Test Sample Designation Resin Weight | DF, (1 kHz)
; ;
! I i Teclmical Grade Methylene Chloride 0 >100
2 1 Polysulfone Resin (as received) 0.65 >100
i 3 z Distilled Methylene Chloride 4] 5-8
| 4 ‘ Commercial Polysulfone Film Sample - good 1 38
! {SAT
! 3 i Commercial Polysulfone Film medium SAT 1 58
t | Polysulfone Solution Treated with Activated 7 20~-40
’ [ Carbon (50 percent of resin wieght)
’ 7 Polysulfone Solution Treated with Cellulose 1 73
TABLE 13. SAT BREAKDOWN FOR TREATED FILMS
-
Mean Breakdown Standard Deviation,
Test Treatment Voltage, kV/mil kV/mil
E ! No Treatment - Lab Cast Film 10.2-11.4 2.5-3.8
; 2 Cellulose 15.5 1.4
! 3 Water Extraction 13,2 2.1
i Activated Carbon 15.7 2.3
} 9 Diatomaceous Earth 14.0 1.5

Results of conductivity measurements on treated and untreated films show

thiet some reduction in conductivity can be obtained. The curves in Fig-

e s show current density versus voltage stress for two films with the

same thermal treatment before testing. The untreated film was cast from a

solution that went throuph the same procedure as the treated solution except

that the activated carbon was omitted. The results show that not only is the

conductivity penerally lower with the treated film but also more nearly ohmic.
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the polymer solution. The results must be interpreted carefully, however,
since, regardless of the nature of the ionic impurity, they all behave as
weak electrolytes when in a solvent with a low dielectric constant such as
methylene chloride. The extent of the dissociation of the ion pairs is then
a function of the concentration of the electrolyte and follows the classical
Ostwald dilution law. Unfortunately, the concentration of the impurities is
not known; therefore, the dissipation factor results only can be compared at
equal polymer concentration. The relative extent of the ionic contamination
can be determined because of the ability of the polymer to dissolve in a
convenient solvent. Such determinations would be much more difficult in a
polymer such as polypropylene since it does not have a convenient solvent.

From the tests and procedures described above it was apparent that
sorption of the ionic contaminants was most effectively done with activated
carbon. Several determinations of dissipation factor for various samples are
compiled in Table 12. From tests 1 and 2 in Table 12, it is clear that both
the technical grade methylene chloride normally used to make casting solution
and the polysulfone resin are replete with ionic contaminants. Test 3
indicates that distillation does a reasonable job of removing ionic contamin-
ants. Commercial polysulfone film samples showed a considerable reduction in
ionic contamination relative to the resin as shown in tests 4 and 5 but not
neariy as great a reduction as achieved when the polymer solution was treated
with activated carbon (test 6). The reduced amount of ionic contamination in
tine commercial films compared to the resin may be caused by sorption by the
filtration medium normally used for filtering casting solutions. These
tilters are typically cellulosic in nature, and cellulose has been shown to
provide some reduction in ionic content (test 7).

Many films prepared from casting solutions treated to remove ionic contam-
inants were tested using the SAT described previously. Since the data from
these determinations contained considerable scatter, at least 10 separate

readings were made for each film and the standard deviation computed. A number

of these determinations are given in Table 13 with the various treatments
applied to the casting solutions. From these data and others not listed, the
treatments seem to have some influence on the small area test results. However, “ﬂf-

the scatter in the data make such comparisons difficult.
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Figure 21. Current density versus time for Figure 22. Current density versus voltage stress for
commercial polysuifone film, commercial polysuifone fiim.

chemically pure cellulose fibers such as used for manufacture of Kraft

capadc iter tissue. Still further purification was attempted by exhaustively
satracoing contaminants from the cast film with methanol in a Soxhlet extractor.

Tho procedure used in purification was to first dilute the normally very
visoous vasting solution with distilled methylene chloride to provide a visco-
ot bow cnoagh to get good mixing of the absorbent and the polymer solution.
Civer thoe absorbent was added to the solution, usually at a level of about
0 pereent of the resin weipht, and shaken for 16 hours. The slurry was then
icicered to remove the absorbent and concentrated by evaporation of methylene
chloride using a rotary evaporator.

The technique for evaluating the clfectiveness of the decontamination
procedure was to measure the dissipation factor of a dilute methylene chloride
~olation of _he polymer. This procedure (described more fully in Sec-

tion 5.3) is performed rather simply by dipping a clean air capacitor into
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5.6.3 Film Conductivity

To assess the changes in conductiv'ty of the film samples because of the
movement of charge carriers, a cell was constructed to measure film conduc-
tivity at various voltages, temperatures and times. The time-dependence of
these measurements is particularly interesting in light of the results dis-
cussed above concerning time-dependence of dielectric breakdown. Current
density versus time is shown in Figure 21 for a commercial sample of poly-
sulfone film with an applied voltage of 1000 volts. From these data it is
clear that the current is initially high but decreases with time, presumably
as the mobile charge carriers accumulate near the electrodes. After
15 minutes the polarity was reversed, and the current was observed again to
be initially high but to decrease with time and at approximately the same
rate as initially. In these experiments, current density rather than a com-
puted resistivity has been plotted as a function of time because of the non-
ohmic nature of the conductivity. This behavior is best illustrated in Fig-~
ure 22 in which current density is plotted as a function of voltage stress
for the same sample as in Figure 21, In both figures, the sample area used
to determine the current density was determined from capacitance measure-
ments. (In calculating the current density, the current is assumed to be

flowing uniformly through the sample which may not be the case.)

5.7 DECONTAMINATION PROCEDURES

From the experiments discussed above, it is clear that some procedure
must be developed to remove or ameliorate the effect of the ionic impurities
present in the film. Further, some test must be available to assess the
efficacy of the decontamination procedure. Accordingly, many procedures were
tried for decontaminating the casting solutions. Since the composition of
the contaminants was unknown, the procedures selected generally were applicable
for a wide variety of organic and inorganic materials. The evaluation included

absorption with activated carbon, extraction with deionized water, absorption

with silica gel, activated alumina, talc, and diatomaceous earth. Another

procedure employed was filtration of the polymer solution through a thick pad l%V'V
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breakdown counts increase indefinitely with time. In fact, such experiments
have been continued for as long as 30 minutes with no sign of stopping. 1In
such o test, it is rcasonable to ask why one spot breaks down before another
when the same voltage is applied to the entire sample. Evidently, the
aobile car ters o unot puiia up uniformly at the electrodes due to slight
Litfercnces in carrier concentration or mobility.

Some interesting comparative experiments were performed with other
diclectric films to determine if they also exhibit time-dependent breakdown.
Using li.e same metallized film/brass plate electrode arrangement as above,
both pulyethylene terephthalate (Mylar) and polypropylene films were tested.
At the modest voltages available with this equipment, no time-dependent
breakdowns were observed in the polypropylene samples but were observed in the
Mylar samples in indicated in Figure 20. Thus, while the breakdown voltages

mav not be the same, time-dependent breakdowns are not restricted to poly-

sulfone films.

180 T | T | | I |
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Figure 20. Cumulative breakdowns versus time
of application of voltage.




These results show that as the DC voltage is reduced to some value less
than the high-ramp rate breakdown voltage, breakdown still occurs but at
increasingly longer times. These results can be interpreted as indicating
that a critical field distortion pattern can be created by the mobile charge
carriers. Thus, it can be argued that the field is much enhanced near the
electrodes but over dimensions such that the sample fails first near the
electrodes and then in the interior of the dielectric. The progression in

time of the voltage within the sample is illustrated in Figure 18.

TIME =0 TIME (t‘) >0 TIME "2) > t

Figure 18. Field distortion versus time.

In another experiment, in which time dependent breakdown was observed, a
constant DC voltage was applied to a large area of commercial polysulfone
film using the metallized film/brass plate electrode arrangement. The results

of this experiment are presented in Figure 19. As shown, the cumulative
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Figure 19. Time-dependent breakdown cumuiative
counts/meter3 versus time of application of voltage.
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very large in a very thin region adjacent to the electrodes. It is well known
for most dielectrics that very thin layers of insulating material display
I extremely high dielectric strength. Furthermore, an intermediate condition
might exist wherein the field would be high near the electrodes but not in a
layer thin enough to display high breakdown voltage. Such a situation is

discussed in the next section,

5.6.2 Time-Dependent Breakdown

In a typical breakdown experiment, when voltage is applied to a sample,
the diclectric weak spots are expected to fail and thereafter breakdowns will
E cease. Application of a higher voltage will cause more weak spots to fail
and so on. Such is not the case with many of the films tested in this work;
instead breakdowns continue as voltage is left on the sample.

A revealing experiment was conducted with polysulfone film using the

e

small area breakdown testing apparatus discussed in the previous subsection.
[n this experiment, the average breakdown voltage under high ramp rate condi-

tions wuas determined for the sample. Then, using the same setup, a percentage

v

of that voltage was applied under DC conditions until breakdown occurred.

The results are shown in Figure 17.

100
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PERCENT OF ULTIMATE BREAKDOWN VOLTAGE

Figure 17. Percent of ultimate breakdown voltage
under ramp conditions versus time of application of
DC voltage small area test.
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. Moreover, in these tests if the bias is removed for a time equal to its
\ application before the ramp is started, the breakdown voliage returns to its
original value. From these experiments, it is evident that some migration of
charge carriers within the dielectric must be occurring to account for the o
difference in breakdown voltage. This idea is especially cogent since films :
such as polypropylene, which have an initially high breakdown voltage by this
test, do not display a higher voltage when "polarized" as described above.

This observation suggests that when a few mobile charge carriers are present,
application of a bias voltage will have little effect on the breakdown voltage.

While the interpretation of these results is somewhat speculative, a

possible explanation exists in the field distortion illustrated in Figure 16.
In Figure l6a, the sample is completely non-polarized, and the charge carriers
. are uniformly distributed throughout the dielectric. In Figure 16b, a

® polarizing voltage has been applied for some time causing a field distortion
because of the presence of charge carriers adjacent to the electrodes. When

a ramp voltage is applied to the electrodes, the electric field (the slope

of the curve in Figure 16b) will be small in the bulk of the sample but
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Figure 16. Charge distribution within
"polarized’’ dielectric. -
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In light of the above experiments, other mechanisms for dielectric
breakdown were considered. In a series of experiments that are discussed in
the next section, the film samples were found to contain mobile charge carriers,
nrobably dissolved ionic impurities, which move through the dielectric when

voltage is applied and cause distortion and enhancement of the electric field.
5.6 CHARGE MOBILITY EXPERIMENTS .

5.6.1 Small Area Tests

To avoid the influence of conducting particles on dielectric breakdown,
tue small area test (SAT) was employed. This device examines only a few square
millineters of film and is described more fully in the Test Development Sec-
cion of this report. 1n this test, a ramp of voltage (5 kV/sec) is applied
to the sample until breakdown occurs. A storage oscilloscope records the
soltage.

In a crucial experiment, a bias voltage of 1000 V (a fraction of the
witimate breakdown voltage) was applied to the film for various times before
~tarting the voltage ramp. The results as shown in Figure 15, show that the

coneer the bias voltage i1is applied, the higher the ultimate breakdown voltage.

600

500

400

300

100 }— —

o | 1

[} 10 20 30
TIME, MINUTES

BREAKDOWN VOLTAGE, V/uM

Figure 15. Breakdown voltage stress versus
time of applied bias volitage.
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6.0 FINAL SELECTION

6.1 RECOMMENDED DIELECTRIC SYSTEMS AND REVISED ESTIMATES

Based on the results of the work of Schweitzer, the dielectric systems
were revised to include Ultem'D polyetherimide in cases where it shows an
advantage over polysulfone. Because the development resulted in a material of
higher temperature capacity rather than of improved dielectric strength, the
capacitors in general would be expected to have the same or slightly better
energy density, but they could be operated at higher cold-plate temperature or
higher duty cycle. Thus, the overall system weight would be lower even if the

energy density measured in the laboratory shows limited improvement.

6.1.1 High Repetition Rate Capacitor

In this design (similar to design B on page 86 of AFWAL-TR-80-2037) the
operating field has been reduced slightly. However, the parts should have

better life and better power throughput than the components made from poly-

sulfone:
Number of dielectric layers 5
Ulten{E layers 2.6 um (24 gauge)
Kraft layers 3/10 ym (0.4 wil)
Foil Aluminum/6 um
Dielectric fluid Dioctylphthalate

Estimates are:

Average electric field 4464 V/mil
Average dielectric constant 4.302
Energy density 22 J/g (99.8 J/1b)
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6.1.2 low Repelition Rate Capacitor

This component has the same pad design as the high rate component, but -

a slightly higher operating field.

Number of dielectric layers 5

Ulten® layers 2/6 um ?
Kraft layers 3/10.1 um ' )
Foil Aluminum, 6 um

Dielectric fluid Dioctylphthalate

- Fstimates are:

'Y
_ Average electric field 4762 V/mil
r
{ Average dielectric constant 4,302
4 Energy density 0.25 J/g (113.6 J/1b)

6.1.3 DC Filter Capacitor

For this design, either the design for the pulse capacitor as above or

the previously cited design using PVDF could be used.

6.1.4 High Frequency AC Capacitor

The Ultem® polyetherimide material has particular application here, as

this component will unavoidably get very warm.

Number of dielectric layers 2

Ultem® thickness 61 (0.24 mil)
Foil Aluminum, 6y
Dielectric fluid Silicone

kstimates for these components are:

Average electric field 3125 V/mil

Dielectric constant 3.2

Energy density 0.08 J/g (37 J/1b) .
6-2
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Subsequent to the developmental efforts in Phase I, parametric tests

7.0 MATERIAL CHARACTERIZATION

were carried out to characterize the materials used or proposed for use in the ’ \

capacitor dielectrics. These tests were carried out according to the Material
Test Plan described in Section 4.0. In many instances, data on the materials
was available from the literature or manufacturer's data sheets. This informa-
tion was considered sufficient for design purposes and measurement was not
necessary for characterization purposes. This data and its source are listed
in this section. Some tests were not carried out and no values were available _ 1‘
from other sources. These tests were not considered to be critical for the

design of the capacitors.

7.1 TESTS ON PLASTIC FILMS

Four plastic film materials were used in the course of this program in

various dielectrics. These were:

1.
2.
3.
4

.

Ultem® polyetherimide i:_}
Kimfone polysulfone T.Qai
Bollore polypropylene fziuw
Fluorofilm~C polytetrafluoroethylene

In addition, a sample of textured Ulten® film was prepared for testing the

wetting properties of textured versus plain films. This work was considered

important for the eventual elimination of Kraft paper in oil-impregnated high

voltage capacitors.
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7.1.1 Ultem Polyetherimide

This material was cast by Schweitzer on a laboratory caster from resin
manufactured by General Electric. Three gauges of plain film were supplied
to Hughes — 0.20 mil (5 um), 0.24 mil (6 um), and 0.36 mil (9 um) — as well
a5 0.24 mil metallized film. The plain film was slit to 4.50 inch width,
while the metallized material was slit to 2.00 inch width and had 0.040 inch
wide muirgins. A single roll of 0.32 mil (8 ym) textured film of 4.50 inch
width was also supplied. This was later slit by Component Research Company,
{nc. to make windings. The slit width was 2.00 inch.

The tests described in the approved test plan are listed in Table 15
along with the values obtained in tests performed by Hughes, Schweitzer, and
General Electric. In the latter case, tests were performed on the bulk mate-
rial and not on the films cast by Schweitzer.

Dielectric constant and dissipation factor measurements were made over
the range of 50 to lO6 Hz and 20 to 140°C. Measurements are plotted in Fig-
ures 15 and 16.

The dielectric strength of the plain and textured films was measured
using ASTM Method D149-75. This was a short-time test with a 1000 V/sec rate-~
of-rise employing the Type 3 electrode arrangement. Six measurements were
made on each gauge. The data is presented in Table 16. It appears that the
dielectric strength of the textured film has not been impaired to a degree
measurable in this way. The absolute values of these measurements are low
compared to what was expected based on the large area breakdown tests per-
formed by Schweitzer and shown in Figure 25. This was probably due to dif-
.erent measurement conditions.

The insulation resistance of the various film thicknesses was also
nmeasured and is reported in Table 17 . Test voltages of 10 and 500 volts
were used. At 500 volts, nearly half the samples broke down. The overall
mean of all measurements made at 10 V was 4.6 x lO16 ohm~-cm, General Electric
reports a typical insulation resistance of 6.7 x ]017 ohm-cm for a 0.0625 inch

thick =ample.
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3.2

DIELECT RiC CONST ANT

-
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Figure 26. Ultem dielectric constant.
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figure 27. Ultem dissipation factor.
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TABLE 16. BREAKDOWN STRENGTH OF ULTEM

Breakdown Voltage, Breakdown Field,

Thickness, mils volts volts/mil
0.24 (plain) 500 2083
! 500 2083
500 2083
600 2500
750 3125
1200 5000

Mean * Std. Dev. 675 + 251 2812 + 1047
0.32 (textured) 450 1406
500 1563
500 1563
750 2344
750 2344
1250 3906

Mean + Std. Dev. 700 = 274 2188 + 856
0.36 (plain) 500 1389
500 1389
500 1389
600 1667
1000 2778
1800 5000

Mean + Std. Dev. 817 + 474 2269 + 1317
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TABLE 17. TINSULATION RESISTANCE OF ULTEM

Thickness, Test Voltage, Resistance,
mils volts m§2 IR, ohm-cm
0.24 10 3.8 - 100 2.5 - 1016
| 10 1.0 - 10 6.6 + 10°°
j 10 5.0 - 10° 3 . 10t
i 10 0 - 10° 0 - 10%®
! Mean 10 6.2 + 100 1. 1016
i
| 0.24 500 3.5 « 10° 2.3 - 101
500 Short —
f 500 4.0 + 10° 2.6 - 10'°
i 500 Short —
i Mean 500 3.8 + 109 2.5 - 1016
0.32 10 9.0 - 106 5.9 - 1016
10 9.0 - 10° 5.9 - 10%°
10 8.0 - 10° 5.3 « 10%°
{ L0 8.0 « 10° 5.3 « 10t
f Mean 10 8.5 + 106 . 1016
3 0.32 500 1.5 « 10° 9.9 - 10%°
5 500 Short -
: 500 1.8 - 10° 1.1 - 10%°
L_ 500 2.0 - 10° . 10°
i Mean 500 1.8 - 10° 1.1 - 108
| 0. 36 10 0 10° . 10'®
; 10 6.0 - 10° 3.9 - 10'°
: 10 0 - 10° . 10'®
10 7.0 - 10° 4.5 + 10%°
Mean 10 5+ 10° 2 . 10%0
0.36 500 Short -
i 500 8.0 * 102 5.3 o 1012
, 500 1.5 + 10 9.9 - 10
500 Short -
Mean 500 1.2 + 106 7.6 + 1010
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7.1.2 Kimfone Polysulfone

Polysulfone film was used in the 400 Hz AC filter capacitor for
comparison to the polyetherimide. The same film thickness, 0.24 mil (6 um),
was used in each design with 2.00 inch width and 0.040 inch margins. Because ':J5;
this material has been commercially available for some time and has been well
characterized, no additional testing was performed at Hughes. Typical test

values are listed in Table 18,

7.1.3 Bollore Biaxially Oriented Polypropylene

No data sheet was available on this film from the vendor, so data have
been taken from other sources on the same generic type of film (Toray T-2400,
for example). A thickness of 0,24 mil (6 um) in 3.00 inch width was procured
for use in a 10 kHz AC inverter capacitor design. Data on this film is pre-

sented in Table 19.

7.1.4 Fluorofilm-C Polytetrafluoroethylene

This film is a unique multilaminar cast film made by the Dielectrix
Division of Fluorocarbon Company. A 0.25 mil (6 um) thickness film of e
3.00 inch width was procured for use in a 10 kHz AC inverter capacitor design.

Test results on this film are presented in Table 20.

7.2 TESTS ON DIELECTRIC LIQUIDS S

Three dielectric liquids were used in the various designs developed for

this program:

1. BASF Platinol® Dioctyl Phthalate (DOP)
2. Dow Corning DC-200 Poly-dimethyl siloxane
3. Helix FE-4 Poly-1,2-Epoxyhexafluoropropane Ether o ]

No additives were used in preparing these oils for use. Improved lifetime

has been achieved in DOP impregnated capacitors through the use of epoxides
which neutralize phthalic acid formed by hydrolysis of the ester. Rather than
introduce such additives, efforts were made to minimize the moisture content

of the oil and capacitors.
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In addition to characterization tests and measurements, quality control

tests were performed on the oils and are reported in Section 9.0, ’ ;

7.2.1 BASF Platinol DOP

This is a plasticizer-grade dioctyl phthalate liquid supplied in

55 zallon drums. The as-received material quality has been found by Hughes §{5 ]
to be comparable to reagent grade liquid in terms of volume resistivity and

dielectric strength. Filtration methods used on this program have typically
achieved water contents of 30 ppm and volume resistivities as high as ]

1.5 % 1012 ohm-cm.

Data on the as-received material is given in Table 21.

7.2.2 Dow Corning DC-200 Silicone

This material is frequently used in both capacitors and transformers and
is well-characterized in the literature. A significant problem with poly-
dimethyl siloxanes is its gassing tendency and decomposition products in the
presence of partial discharges. Test results on the as~received material,
which is electrical grade and requires minimal processing, are given in

Table 22.

7.2.3 Helix FE-4 Fluoropropane Ether

This dielectric liquid was considered as a possible improvement over the
IM Fluorinert® fluids for the capacitor application. A significant differ-
ence between the two is the increased dielectric constant of this liquid,
which is useful for achieving higher energy densities. Many of the useful
phlivsical properties of the Fluorinert liquids, such as low viscosity, low sur-
face tension, and wide operating temperature range, are preserved in the FE-4.

Data on the material as supplied are given in Table 23.

7.3 KRAFT PAPERS

The Schweitzer Division of Kimberly-Clarke manufactured the two grades of

capacitor paper used for this program. One of the grades, EIB Kraft, is no

longer produced. This was a high dielectric strength paper. The other grade,
Norden (normal density) Kraft, is still available. Data on this grade are

given in Table 24. -+
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TABLE 21. PROPERTIES OF BASF PLATINOL DOP
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TABLE 22. PROPERTIES OF DC-200
Method
Paragraph Desceription (ASTM) Value Unit Source
ol Viscosity D-68 20.0 CcsT De
RS Plash Point D-92 232 v b
Fire Point D-92 DNA ¢ RS
vob3 Pour Point D-y/ - Hi oc¢ DC
Galeh Specitic Gravity D- 1898 0.4995 am/« m.‘ v
T IR Weight per Gallon 8.00 Ibs e
4.1.6 Interfacial Jension -9/1 2000 dvne/cem Hughes
1.7 Color HESIIVIE 1 Gardnoer Hughes
4.1.8 Visual Examination D-1524
(A Diclectric Constant D-924 172 - e
4.2.2 Dissipation Factor D-924 5.4 x l()—h - e
4,203 Divlectric Breakdown Voltage D-877 or D~1816 430 V/mtl Hugiws
U Volume Resistivits 1.0 x H)M ohm=vm ne
vl . Neutralization Number D974 0.01 mg KOH/gy Hughes
N {l water Content D135 or D153 2270 ppm LIT
SN Inorganic Chlorides and Sulfates D87y NEG - Hughes
S Oxidation Stability D2112, D244O
N T Oxidat ion Inhibitor tContent D26HY NA
4.3.h Gassing 12300
4on Particalates Hughes per 106G mi Hughos
H~10 an 714
19~2H 410
250 40
G0-100 43
BUN 27




TABLE 23.
,

T T e T

PROPERTIES OF HELIX FE-4 FLUOROPROPANE

ETHER

Met hod

Paragtaph bDescription (ASTM) Vilue Unit Source
Gl Viscosity, 25°C D-8% 2.1 CST HEL
)
" ol Flash Point -t e
[ Fire Point -4 W00 o L
il Pour Point D-97 Y44 ‘e HEL
Solas Specific Gravity D-1898 1.768 gm/vm} HEL
Gallh Weight per cGallon Ph.71 Ths HEL
Yeih Intertacial Tension D=4/l 14,4 dvne/cm Hughes
; wot. 7 Color bh-1500 | Gardner Hughes
l voll8 Visual Examination D-1524 -
1: o2 Dielectric Constant D-924 2000 - HEEL
: [ ¢ Dhissipation Factor D-924 <0, 00004 - HEL
' " ) ! Diclectric Breakdown Voltage D-1816 324 \/mil Hughes
; A : Volume Resistivits 1.1 x l()13 ohm-cm Hughes
we bl Neutralization Number D974 0.1 mg KOH/g Hughew
e 3.2 Water Content DI or D153 68 ppm (wt) HEL
T Inorganic Chlorides and Sultates D878 NEG - Hushes
; PR T Oxidation Stability D12, D2440 NA
; eloo Ooxidation inivibitor Content D2h6H8 NA
' IS Gassing DJ230v
!
' o Particulate s Hughes per 100 ml Huphes
i =10 . m 700
| Ty=.25 190
1 2h=50 98
H0-100 58
; f0) 14
L i .
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7.4 WETTING STUDY
Imnpregnation of a plastic film capacitor not containing Kraft paper has ®
been found to be relatively difficult. Recent advances in this area have e

utilized low surface tension liquids and large space factors (low winding

tension).

The basic problem is to achieve wetting between the liquid and the
film which physically prevents the formation of voids between liquid and solid
surfaces. If this can be achieved with the proper selection of film and

liquid, Kraft paper can therefore be eliminated from the dielectric. As a
result, dissipation factors can be reduced by about an order of magnitude,
the dielectric strength of a given total thickness of dielectric can be
increased, and the distribution of stress in the dielectric can be greatly
simplified. With the proper material selections, the temperature range of the
dielectric can also be widened, since the limitations of Kraft paper have been
removed.

The 10 kHz AC inverter capacitor development effort on this program
required the elimination of Kraft paper to minimize dissipation losses and
dielectric heat.ng. For this reason, efforts were made to characterize the
wetting properties of various films and dielectric liquids as part of the
material selection process. In addition, a textured Ultem® film was cast by
Schweitzer using a sandblasted laboratory casting drum. The wetting proper-
ties of this material were to be compared to the wetting properties of the
plain film. 1If a textured film could be made which would have the surface
iroperties of Kraft paper, then impregnation problems would be greatly
simplified.

The first step in the analysis was the measurement of liquid-vapor sur-
face tensions for the impregnants. These numbers provide information about
the wetting properties of the liquid alone. A high-wetting liquid will have
a low surface tension. Liquid-vapor surface tension (YLV) measurements were
carried out using a Fischer surface tensiometer (platinum-iridium DuNouy ring)
at 25°C. The experimental results ranged from 1.7 to 6.1 dynes/cm greater
than values published in the literature. Eight standard test liquids and

three dielectric fluids were measured. The results obtained (averages of

four measurements) and published values are presented in Table 25.
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TABLE 25. LIQUID-VAPOR SURFACE TENSION OF LIQUIDS (YLV)
4
- 4
Fi Measured
; Surface Tension, Literature Value
B Test Liquid (25°C) dyne/cm (20°C) dyne/cm
- 1. Water 75.2 + 0.05 72.8 o
- . 2. Glycerol (99+%) 69.0 + 0.13 64.0 1
3. Formanmide 61.9 * 0.22 58.3
4. Ethylene Glycol 50.9 + 0.00 48.3 'i
! 5. 1-Bromonaphthalene 46.6 * 0.04 44,6
'; 6. Polyglycol E200 48.9 * 0.00 43.5
5
7. Polyglycol 15-200 38.3 + 0.07 36.6
8. Polyol P1200 37.4 £ 0.04 31.3
9. FE-4 Polyfluoroether 14,4 + 0.04 15.2 }
[. 10. DC-200 Silicomne 22.3 + 0.04
4 11. Platinol DOP 32.5 + 0.07
- ‘J
Sources of error in these measurements include tipping of the ring from ,,;@

its horizontal pléne, size of the test vessel, liquid surface wave motion, ’ 1
purity of the test liquid, evaporation of the test liquid, and temperature.

The next step was to measure the contact angle between the edge of a
drop of test liquid and surfaces of the films of interest, The smaller this "1;4
angle is, the lower the surface free energy of the film, and the greater the 1
surface tension of the impregnant may be and still wet the film. If wetting

3 occurs, the contact angle is so small it is quite difficult to measure.

bl e

Advancing contact angle measurements were performed at 25°C in the

environmental chamber of the NRL-goniometer (Rame-Hart, Inc.,, Mountain Lake,

.
.
PP

NJj) apparatus. Measurements were repeated five times using each liquid on

each of the four test films. The films were: o]

1 32GA Kimfone Polysulfone &
2 20GA Bollore Biaxially Oriented Polypropylene

3.  24GA Ultem Polyetherimide SRR
4

25GA Fluorofilm C Polytetrafluoroethylene.
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) Tests on the Kimfone and Ultem films were performed on the smooth side. The ]
data are presented in Table 26. .
From these data, the nominal work of adhesion, wa, and the solid-vapor
surface tension, Ygy» Were calculated using the following analysis.l9 The work o
of adhesion is calculated by: e
= . 5 7-1 )
Wa YLy (1L + cos 9) ( ) ]
wnere the measured values of Yy were used. Based on the equations ;
4
= of + g2 (7-2) |
Tw T % T L -
2 2 4
Ysv T % * Bs (7-3) "
= - 1
Wa 2[aLaS + BLBS] (7-4)
TABLE 26.  CONTACT ANGLE () MEASUREMENTS - ‘
R 9
Contact Angle, degrees (25°C) oA
Test Liquid Kimfone Bollore Ultem Fluorofilm }fi
= L
Water 67.5 t 0.5 81.0 + 0.0 70.4 + 0.4 89.5 + 0.5 -
Glycerol (99+%) 59.4 + 0.4 | 77.0 + 1.0 | 58.4 + 0.4 | 83.5 + 0.3 B
i Formamide 49,6 + 0.5 76.5 + 0.5 52.8 + 0.4 79.8 + 0.4
' Ethylene Glycol 48,5 + 0.0 64.0 + 0.0 45.4 + 0.5 75.6 + 0.4
I-Bromonaphthalene <5 36.1 £ 0.5 <5 58.8 * 0.3 1
Polyglycol E-200 20.7 *+ 0.5 61.0 + 0.0 27.7 + 1.0 75.0 + 0.5 '1;.3
Polyglycol 15-200 14.8 + 0.8 | 39.5+ 0.0 | 25.8 + 0.8 | 76.3 + 0.3 SRS
Polyol P1200 8.8 + 0.3 18.8 + 0.3 8.3 + 0.3 52.8 + 0.6 ]
FE-4 <5 <5 <5 -5 -
DC-200 <5 <5 <5 37.6 ¢
DoP <5 7.7 £ 0.4 <5 58.2 + 0.3
o
¥
i
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L BL are the square roots of the separate dispersion and polar
contributions to the liquid-vapor surface tension, and as BS are the corre-

where a
sponding parts of the solid-vapor surface tension, we obtain:

W /2 = ag + By (8 /a) (7-5)

The values of ZaL and BL/aL are taken from the 1iterature.20 The last equa-
tion is solved by least-squares fit to the points BL/aL, Wa/ZaL. The values

actually used and computed are listed in Table 27.

As can be seen from the contact angle measurements in Table 26, only

the fluoroether was suitable for wetting the cast PTFE film, while only FE-4

or the silicone 0il would wet the polypropylene. The dioctyl phthalate would
wet only the polysulfone and polyetherimide films. This information was used
in the selection of film~liquid combinations used in the various pad designs

described in Section 8.0, and was especially important for the high frequency

inverter capacitor designs.

7.5 TEXTURED FILM STUDY

The surface profile of the 32 gauge textured Ultem® film was measured
using a profilometer and compared to profiles of 36 and 24 gauge plain Ultem
film measured on the "dull" or rough side of the film. While the textured
material was significantly rougher than the thicker plain film, the thinner
gauge film was comparable in roughness to the textured material. This was
unexpected. Samples of the profile recordings are plotted in Figure 28.

A test of wettability was conducted using windings of both the textured
film and metallized 24 gauge Ultem film. For this test, the single roll of
textured film was slit into two 2.0-inch wide rolls. For each material,
double layers of film were tightly wound on an epoxy glass mandrel with a
1.125 inch outside diameter. Ten turns were wound, and the end taped. Each
sample was vacuum impregnated with dodecyl benzene dyed with indigo after an
85°C bakeout overnight. After filling, the samples were allowed to stand

overnight at one atmosphere under dry nitrogen. When the samples were
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TABLE 28. SURFACE TENSION OF SELECTED POLYMERS

e d > -
Polymer sy (dyne/cm)

Hexaf luoropropylene 12.4 1
Tetrafluoroethylene 15.5 ; _:
' Trifluorcethylene 24,8 :{?ﬁj
Vinylidene fluoride 32.3
Ethylene 32.4
Vinyl fluoride 36.6 )
Ethylene terephthalate 39.5 ' N
Vinyl chloride 39.6
Styrene 40.6
Vinylidene chloride 41.3
Nylon 6,6 41.3
Nylon 2 51.9

e d e
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c. 36 gauge plain film. .
Figure 28. Profilometer profile measurements of Ultem films. ]
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unwound and examined, it was difficult to see the dye in such a thin liquid
layer. By feeling the film, it seemed that both the plain and textured film
windings had been wet and penetrated by the oil. Tt was observed that the
textured side of the film felt wet, while the smooth side felt dry. This is
a subjective observation and quite qualitative, but it does imply that the
textured surface does wet better than the smooth surface, and the desired
effect is accomplished.

Film texturing may be useful in obtaining complete impregnation of film
capacitor windings which contain no paper wick. However, the interaction
between film and liquid at the microscopic interface is more critical for
electrical performance. Therefore it is always necessary to use a liquid

which wets the film.
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8.0 CAPACTITOR PAD DESTGNS

During the second phase of the program, the materials and techniques
developed in Phase 1 were applied to capacitor designs that were manufactured
and then tested under electrical conditions matching those of actual service.
Rather than construct large, multiple element components for this purpose,
model capacitors consisting of single pads or windings were evaluated. Wher-
ever possible, existing test fixtures were used to reduce costs.

The basic design philosophy for each of the capacitors is discussed in
this section. The problems faced by the designer, as well as the solutions

used are also described.

8.1 CAPACITOR PAD TEST PLAN

At the beginning of Phase II of this program, a test plan was written for
the evaluation of capacitor pads of each type in life tests. This test plan
is included as an Appendix. The Capacitor Pad Test Plan provided the direction
tor the remainder of the technical work. Tts philosophy was clearly to life
test each design under a single set of conditions corresponding tu the oper-
at ing parameters described in the Statement of Work. This approach provided
a clear set of data about the usefulness of each design in an actual system.

Another approach to testing capacitor designs would have been to evaluate
cach over a range of conditions similar to and including those in the actual
application. This approach would have provided more information about the
cause of failure and the deficiencies of the design. Because of the number of
difterent capacitor types which were to be evaluated, this more intensive
research approach was not economically feasible. It was hoped that a second
desipn iteration of each type of capacitor might be possible to build and test,

but in some cases even this was not possible.
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8.4 CAPACITOR SECTION SIZE

Before continuing in the dielectric design process, the selection voltage
and capacitance had to be sclected. This determines the series-parallel
arrangement of elemental units within each capacitor package. No "floating
foil" clements were to be used unless the number of series units grew very
large, since better volume efficiency can be attained using individual wind -
ings in this case.

For the high repetition rate unit, the windings were originally 2.2 uF,
7.5 kV units arranged as shown in Figure 29. When the testing of these units
using the available equipment was found to be impossible due to power supplv
limitations, the capacitance of each pad was dropped to 1.1 uF. This meant
that the complete capacitor would now consist of four parallel strings, as
shown in Figure 30. A total of eight pads was required. The 2.2 yuF pad
design was more efficient, but there are benefits from using the smaller pads
in solving the problem of heat removal. Peak currents in each pad would be
5 kA instead of 10 kA.

The low repetition rate pulse capacitor had an operating voltage of 40 kV
at a capacitance of 2.2 yF. 1In this case, the layout called for five parallel
strings of five series 2.2 uF pads. A total of 40 windings would be required
per capacitor. In this case, parallel floating foils might be used in a later
design. For the purposes of this program, single section windings were used

for testing. FEach pad was to be rated at 8.0 kV. Peak current in each pad

would be 10.5 KA.

T T

l
|
O—

Figure 29. Original high repetition
rate pulse capacitor for 2.2 uF pad
arrangement.
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To accomplish complete impregnation, liquids were considered which have
low viscosity and low surface tension. These include the fluorocarbon liquids,
such as 3 M's Fluorinert® scries. In fact, another fluorocarbon, poly-1,2-
~pexvhexafluoropropane ether, sold by Helix Associates, Inc., appears to have
some properties superior to the Fluoroinerts for thie application. A lower
~lesipation factor, and higner dielectric constant make these liquids more
dctractive, and resulted in the selection of FE-~4 for use here, based on its
higher boiling point than the FE-2 grade.

Silicone oil, monoisopropyl biphenyl, phenyl xylyl ethane, and branched
Jdodecyl benzene were also considered to be possible candidates, but none had
the wetting properties of the FE-4. Those properties would be especially
ihmportant in the case of the Fluorofilm-C pad design, since PTFE is extremely
Jdifficult to wet.

The choice of electrode material here was more difficult because of the
cxtremely important consideration of thermal and electrical conductivity out
vl the pad interior and across the termination. Extended foil was considercd
« sty and the problem of connecting to an aluminum foil was cause for con-
coerin. Consideration was given to the use of copper foil in 0.25 mil (6 um)
or 0015 mil (4 wm) gauges available from Arnold Engineering, Marengo, [llinois.
"nltortunately, costs were simply too large to justify the use of this foil.
cneretore, Alloy 1145 aluminum foil was also selected for use here.

Termination was to be made using a system very similar to that developed
ov G.ti. Mauldin at Sandia National Laboratories. A chemically etched copper
«rid, with a flexible strap leading to the terminal, would be made as a single
iceces This would be bonded to the foil ends using Ablebond 36-2 silver loaded

it ive epoxy.

L300 AC Filter Capacitor

fhe material selections for this capacitor were as described above, poly-

suitene and polyetherimide metallized films with 0.040 inch margins.

8-14
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Aluminum foil was selected for the electrodes, as this material has the .
best conductivity-to-weight ratio and is available in gauges down to 0.17 mil. ] * 4
The exact type used wasRepublic Foil (Div. of National Steel Corp.) Alloy 1145, 1
Electro-Dry II. N

8.3.2 Low Repetition Rate Pulse Capacitor '37‘\

Based upon very similar considerations to those which applied to the
300 Hz component, the same material selections and basic layout were used for
this component. Ultem film, EIB Kraft paper, dioctyl phthalate, and Alloy 1145

aluminum foil were selected.

8.3.3 High Frequency AC Capacitor

A careful look at the polysulfone and polyetherimide film designs proposed
during Phase I for this application indicated that the predicted temperature
rise was unacceptable due to the dissipation factors of these films. 1In order !

to obtain the very low losses which were required, other films had to be

Aendeadad

considered.

In the end, Dilectrix Fluorofilm-C polytetrafluoroethylene and Toray e
T-2400 polypropylene were selected for each of two different designs. These k
films were available in gauges at least as thin as 0.25 mil (6 um). The
Fluorofilm-C is a multilaminar, solution cast (rather than skived) film, which

is relatively new on the market, and is of interest due to its low dissipation

g

factor and high temperature capability. It should be noted, however, that due
to the various transitions of PTFE at temperatures below the melting point,
the actual high end to the temperature range might be lower than in other 7."E
applications. ]

The polypropylene has much less temperature range than PTFE, but it has 1
the advantage of a higher dielectric strength across a wide portion of that
range than most other materials. The DF is comparable to that of PTFEs.

No Kraft would be used in the dielectric due to its high dissipation

factor. As a result, the impregnant would have to be able to penetrate the -

winding and wet the film surfaces without the aid of paper. .-.j




TABLE 32, COMPARISON OF POLYSULFONE AND POLYETHERIMIDE F1LMS

T Filtered Resin | Ultem 1000 | ‘
Polysulfone | Polyetherimide
o o o AR R e e e e ot e S SioL SELSEoemome Smmemssosoon
Diclectric Constant ! 3.07 ? 3.17
(257¢, 1 khz) {
Bly i
(i kilz, 25°C) | 0.0008 0.0013
(1 Mz, 25°C) | 0.0067 ©0.015
(1 kHz, 85°C) } 0.0003 ©0.0009 j
(1 Muz, 85°C) { 0.0022 ©0.011
Volume Resistivity 25°C 5100 51 - 10'0 ohm-cen
Breakdown Strength ! 7500 V/mil - }
Large Area Breakdowns ! i
100 V/um (2540 V/mil) 180 5 m 2 |
200 V/pm (5080 V/mil) ! 930 © 36 m 2 '
Density | 1.24 ? 1.27 g/(‘m3 |
Tensile Strength, MD i 10,000 ; 15,200 psi f
Ultimate Elongation, MD @ 50 { 607 | )
Modulus of Elasticity, MD 360,000 . 430,000 psi ‘
Melting Point E 3150C ; - I -
Maximum Operating Temp ? 149 ! 176°¢C : ;f
Minimum Operating Temp E -50¢ i - f "
Glass Transition Temp i 190 L 216°%C
N . o S O

The oil selected was dioctyl phthalate, an ester. Usually this material
i+ vombined with stabilizing additives, but pure material was used in these
canacitors.,  The sclection was based on the high permittivity of the oil, wide
{esweriature range, and moderate breakdown strength., This o0il is slightly gas
snsorbing.  Other high permittivity oils, such as castor oil, did not have the
required temperature range. Castor oil is widely used as an impregnant for
ailee capacitors because of its gas absorbing nature and benign decomposition
sroducts, which result in greatly increased lifetimes as compared to mineral

niloor PCB impregnants.
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Without describing why all the other films were rejected, the most o
interesting films for this application were Kapton-l, Kimfone, Ultem 1000, i ;
and 1T-2400 polypropylene. DuPont has had some difficulty in the past provid- j
ing consistent quality thin Kapton films, although several workers have reported
successes in developing Kapton capacitors despite this. The higher dissipation
factor of tnis film over the others was cause for rejection, because the other
diclectric materials (paper, oil) would not have the Kapton's high temperature
capability. Polypropylene from various manufacturers is now enjoying wide-

spread use in pulse capacitors due to its lhiigh dielectric strength. However,

Ao a0l

it was felt that the temperature rise which would occur, on top of the ambient,

was simply too much for this material. Polysulfone and polyetherimide films

were able to meet the criteria for low dissipation factor, high dielectric

strength, and high temperature rating. TIn addition, the dielectric constants

of these films were moderate, so that the potential energy storage capability - p

was higher than for the Teflons, for example. _ E
A comparison of these two films is given in Table 32. The high end tem-

perature limit of the Ultem is higher by 27°C, while the dissipation factor has

also increased by 507%. The large area breakdown test results reported in _.m.;

Section 5.0 do indicate a significant improvement in the number of flaws in
Ultem over filtered-resin polysulfone. It was expected that the breakdown
strength of either film in oil would be much greater than these numbers would

seem to indicate.

The Ultem film was selected for testing on this program as it appeared that
the breakdown characteristics might have been improved and the temperature range
incveased. The dissipation factor, however, was a drawback, as 50 percent
greater losses in the film meant a significant rise in the heat generated and o
the total temperature rise in the capacitor. 1

The remaining films were selected to increase the permittivity of the total
dielectric system. The originally selected paper grade was EIB Kraft, a hard-
core paper with slightly higher permittivity and higher dielectric strength
than normal densitv paper. This paper was purchased and used on the previous ' fT
AFWAL program. Later, the Norden Kraft grade was used when failure analyses
on the 50 Hz pulse capacitor pointed to possible embrittlement of the paper ﬁ:f-~

during storage.
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8.3 MATERIAL SELECTION

‘ Probably the single most important step in the capacitor desipn process »

is the selection of materials for the particular ipplication. When the energy

density, power density, and/or temperature range are being pushed beyond the S
state-of-the-art, this must be done with extreme care. As we have secn, all R
. _ . . . B

I of these stresses were being increased on this program.

Part of the material selection process was carried out early in the pro-

gram, with the selection of polysulfone film for improvement efforts. Later,

when polyetherimide was selected as an alternative to polysulfone, its evalu-
- at ion became the aim of the program. ln one case, the inverter capacitor,
neither film was really suitable due to high loss factors, and in this case

alternative materials had to be considered during Phase 11. In addition, the

results of failure analyses of failed capacitors later in the program resulted

> in other changes to the designs presented in Section 6.0. i

The selection of the film materijals used on the various capacitors was

made from the list shown in Table 30. Al] of these films are available in

gauges at least as thin as 0.50 mil (12 pm).

)

Kraft paper was selected from the capacitor grades (Loden, Norden, and

re

£1B), manufactured by Schweitzer in the United States. None of the denser

grades manufactured in Europe or Japan were considered.

Ny Dielectric liquids were selected from the list given in Table 31,

| although other materials were suggested in the first phase of the program as '"*;j
being of possible interest. Most of these materials have been used in capa- 1

citors with success in various applications, and are well characterized.

) 8.3.1 High Repetition Rate Pulse Capacitor

The basic design concept for this capacitor was film/paper/oil/foil.
Although it can be argied that an extended foil termination system should have ‘. 
been used, inserted tabs in pressure contact were used to make connection to

the foils. This would permit a direct comparison with designs built on the

previous AFWAL contract, and would reduce the total weight and volume of these T

units. ,1_}
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For the purposes of this development effort, a direct comparison between
the polysulfone and the new polyetherimide films was to be made. Attention
was focused on the pads themselves. IL was decided tohave one of the original
vendors of the capacitor wind both polysulfone and polyetherimide pads and
apply the flame sprayed termination, so that these processes were similar to
those in the original design.

The failure mechanisms seen in the previous parts were extensive "clearing"

it the metallization edge, resulting in low insulation resistance or catastrophic

shorting, and similar "clearing" in the bulk of the winding, resulting in

reduced insulation resistance below the specified value. Clearing refers to i 3
thhe process of localized electrical breakdown of the film, and the subsequent ]
self -healing process whereby the metallization vaporizes due to high current )
density in the region of the short. If incomplete clearing occurs, there will I
be surtface discharges and leakage causing localized heating and further damage, i 1
and the damaged area will spread in area simultaneously, melting adjacent layers ?
of film. ":;lf

Several causes may contribute to this process. The electrode resistivity 'i:f}:
has been found to be a major factor, as this will determine the area of metal- ;"4;*4

lization which is removed by a given amount of energy passing through the break-
down arc. The oxygen content of the insulation material and the ratio of car-

bon to hvdrogen atoms has been found to influence the self-healing property.

The applied voltage and the pressure between film layers are also important.

it has been found that an electrode resistivity of 3-4 ohms per square
is nreferable for the self-healing effect, but that capacitance loss due to
viuminun corrosion may become critical at this point. High oxygen content
dnd a low C/H ratio are desirable, as this will reduce the tendency to form
clemental carbon in an arc, which would cause a short.

The principal problem with this application has been the high ambient

e et

temperature, which significantly reduces the breakdown strength of the tilm.

I an a am an mE AR . 2 aman s e gegese . e
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The current carried per pad is small, and the losses also relatively small,

e 3
L 4

being about 0.1 watt for a dissipation factor of 0.00l. The 400 Hz frequency

v

does not pose much of a problem either.

T
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. TABLE 29. POWER DISSIPATED VERSUS DF

¢ — . e -
‘ i Dissipation Power ‘ ‘
X } Factor Dissipated T
» | S N R . - ORISR SR i S . I R ol g U - - Lo o
: ‘ ol
i 0.0001 56.5 W : RN
i 0.0002 113.0 W . S
, 0.0008 451.8 W | 4
| lL_ 0.0012 677.7 W J T
_— e A S - - B
3

4 difficult. It is, in fact, impossible to achieve using the polysulfone or
:
1 polyetherimide films originally considered. The best values obtainable in )
those materials are 0.0008 and 0.0012, respectively. This corresponds to {

251 W/1b for polysulfone and 376 W/1lb for polyetherimide.

As a result of the high current, the conductors in this capacitor must ] "

be robust, and the electrodes and their terminations very conductive. Thermal
conductivity is important as well, as the electrical conductors provide the

lowest thermal impedance path out of the capacitor interior. A thermally

conductive impregnant may help to carry off some of the heat, or at least to

distribute it within the winding.

8.2.5 AC Filter Capacitor

The high ambient temperature extreme of 125°C for this application is

really the major constraint in selecting materials. The original design for

this component used 0.25 mil (6 um) polysulfone film, metallized. Forty-two

g pads in parallel made up the total 120 uF capacitance; each pad was 2.86 uF,

@

- vetween 0.60-0,65 inches in diameter and approximately 1.2 inches long. The

' 4
stress in the film was about 825 V/mil. 3

Termination was made by flame spraying the ends of the capacitor and i

‘ soldering a tinned copper strap across each end. The capacitors were not '

. [

' impregnated, but the total unit was potted in a flexible material and the ) 1

- case hermetically sealed. -

.
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or difficult to handle. As this unit stores 125 Joules at a goal energy

density of 100 J/1b, this heat is distributed through about 1.25 pounds of
capacitor. The equilibrium temperature rise will depend upon the case surface
area and the surrounding medium and its ambient temperature. If a typical
ambient range of -65” to +85°C is assumed, the expected temperature rise will
not be as critical as the upper ambient extreme will be for the capacitor lite.
The dissipation factor requirement is not difficult to meet. However,
the achievement of encrgy density goals was considered of primary importance
in the selection of materials.
For the purposes of testing, a period of 1000 hours was selected. Longer
liretimes are preferred, or course, but may be difficult to achieve at this

energy density in the near future.

5.2.4 High Frequency AC Capacitor

The inverter capacitor actually stores and transfers the greatest amount
o! energy of any of the components considered on this program, and it does

this continuously -- not in bursts. At an RMS voltage of 1060V, the 8 uF

capacitor will see an RMS current of 532.8 amps.

]OSVAR.

The reactive power in this

capacitor is therefore o tremendous 5.65 - It is quite obvious that

an extremely low dissipation factor will be necessary for such a component to

work. At an energy density of 50 J/1b, this component would weigh 0.18 pounds.

This is not a feasible c¢nergy density for a self-contained component of this

type using any conceivable construction. For purposes of calculating the

vquilibrium temperature rise, a packaged energy density of 5 J/1b was assumed,

aiving the component a weight of 1.8 pounds. These numbers are based upon the

assumpt ion that a cooling air flow is available for heat removal from the

capacitor. [f this is not feasible, and heat transfer must be accomplished

i still air by convection, the capacitor size will largely be dictated by the

snrface area required to cool the capacitor in this manner. It can be seen

from Table 29 that the heat generated in a 1.8 pound capacitor with an cffec-

tive DI of 0.0001 amounts to about 31.4 W/1b. Achieving this DF will be

8-6
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8.2.3 DC Filter Capacitor

This application is the most benign of the four high voltage components
because it does not involve the transfer of large amounts of energy during
normal operation. The energy density goal is rcasonable and can be attained,
although without real improvement in the materials, the gains are achieved by
trading lifetime for electrical stress.

Capacitors of this generic type and rating are commercially available
which have energy densities of about 30 J/1b, lifetimes of 50,000 hours (90%
survival point) at SOOC, and dielectrics consisting of paper and polypropylene
impregnated with dioctyl phthalate. If the acceptable life can be reduced to
10,000 hours, the energy density of such a capacitor can be substantially
improved, depending on the exponent of the life/stress equation for the partic-
ular dielectric.

The life limiting factor in such capacitors is the DC stress, coupled
with the localized heating of the dielectric by the ripple signal. Visible
damage due to corona is not expected here, unlike the pulse capacitors. Fail-
ures will occur at dielectric flaws, wrinkles, or locations where mechanical
stressing of the dielectric has occurred. This component is probably the best
test of the plastic film in the dielectric, since this material has the highest
resistivity and therefore carries the major portion of the electric field in
the DC or static field case.

The specifications given in the Statement of Work for this capacitor are
not self-consistent. The ripple current at 21V RMS will be 1.06A, and not
5.3A. To get 5.3A, the ripple voltage would be 105V. We will consider both
situations here; the capacitor was designed to handle the higher voltage and
current, but was actually tested at the lower values, per the approved test
plan.

The heat gencrated by the AC signal is
P = I - ESR (8-4)

and for the specified dissipation factor of 0,002, the ESR is 0.0398 ohm. At

5.3A RMS, the power dissipated is 1.12 watts, which is certainly not very large
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8.2.2 Low Repetition Rate Pulse Capacitor

The energy density goal for this capacitor, namely 500 J/1b, is actually o
beyond the ultimate energy density of many of the plastic films considered for
use in its dielectric. In other words, under ideal conditions, these mate- T
rials do not have the capacity to store this density of electromagnetic energy
for as long as one minute. Although the so-called "intrinsic" dielectric . ®
strengths of these polymers are much greater, so far this has little practical
value in achieving the goal in a packaged, mil-spec capacitor capable of stor-
ing hundreds of Joules.
To increase the energy density of the capacitor, a greater electric field o
and greater permittivity dielectric must be used. The same life/stress law
rules here as in the high repetition rate pulse capacitor, and again, an
exponential decrease in life results from the increased stress, unless the
breakdown characteristics of the dielectric have been substantially improved. ‘.
The lifetime goal of lO6 shots is normally not a problem, but when the
e¢nergy density in the dielectric is pushed too far, the lifetime will be
reduced. Further reduction in life will result because the heat generated per
unit mass will be correspondingly increased, accelerating chemical degradation. L _
The total energy stored and discharged during the one minute burst period .
is 5.3 - lO6 Joules. 1f we model the current pulses similar to the model used
above., except making the peak current 52,600 amps, the RMS current is 832 amps, S
which is greater thanthe current in the high repetition rate component. The L
dissipation factor will be approximately the same, and the total heat generated

is therefore 15% greater. If the energy density goal of 500 J/1b was attained,

,. '..‘..‘..:‘. .

2.7 watts per pound of capacitor would be dissipated, and a temperature rise °
oi 30°C expected.
The considerations indicate the desirability of using lower loss materials S
and achieving very low values of rSR in these PFN capacitors to minimize the o
temperature rise. In any case, the use of moderate to high temperature mate- :f?
rials is necessary to accommodate the combined temperature rise and ambient [
iemperature extreme. The conductors and terminal must obviously be robust R
enough to handle the high peak currents. e
o
8-4 e
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Assuming an energy density of 200 J/1b, this equates to 348 watts per pound
of capacitor. A temperature rise of 40°C is quite likely under these condi-
tions, since the capacitor can be assumed to heat adiabatically during the
burst. Combine this with the upper ambient temperature limit of 720C, and
it is quite obvious that a dielectric temperature rating of 170°¢ would not
be too conservative.

Reducing the dissipation factor and the ec-ivalent series resistance
is a considerable problem. A large part of the losses are in the dielectric
itself, but some losses do occur in the foil electrodes and terminations.
Removal of the heat from the pad interior is basically limited by the elec-
trode thermal conductivity, thickness, and width as well as the thermal con-
ductivity of the terminations and conductors and the temperature of the capaci-
tor terminal and case. Unless quite substantial cooling is provided, the
capacitor behaves adiabatically, and essentially no heat is removed from the
dielectric during the burst.

The energy density goal is as much as 1007 greater than could possibly
be attained in this type of capacitor at the start of the program. It is
going to be quite difficult to meet this goal without addressing a range of
failure mechanisms simultaneously. This program addressed the problem of
material defects such as inclusions and contaminants but this did not succeed
in improving the breakdown characteristics of polysulfone film. The poly-
etherimide film has slightly better breakdown characteristics and an increased
temperature capability (up to 176°C from 1490C) than the polysulfone, but a
substantially greater dissipation factor.

The designs developed were attempts to achieve large energy density by
simultaneously increasing the permittivity and the electric field in the dielec-
tric relative to the previous design. It should be realized that the greater
electric stress on the capacitor insulation system substantially reduces its
operating life. Because of the exponential relationship between life and
stress, the lifetime obtained was considerably smaller than the program goal,

despite only a small increase in energy density relative to the stated goals.
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3.7 DESTIGN CONSTDERATIONS

Fach of the five capacitor applications which were considered on this

program is really a unique design problem. In this section, we will examine
cach application and identify the crucial considerations from the component

wesign standpoint.

Ty

».2.1 High Repetition Rate Pulse Capacitor

During its | minute long operating period, this capacitor transfers a
farge amount of cnergy to the PFN inductor and the load. During this burst,
A total of 4.5 . 106 Joules (or watt-seconds) is stored and discharged.

Because of the very high peak currents, the losses and resulting temperature

rise will be quite large. TIf we model the individual capacitor current pulses

-

Lo the PFN as having a peak value of 20,000 amps, a pulsewidth of 5 usec,

Ry

g repetition rate of 300 pps, and their shape half-sinusoidal, the RMS current is
§ c 1/2
P Tews = 1 (5?) (8-1)

SO

= 20,000 (5-107° x 300/2)]/2
= 548 A RMS

Tiie vnergy dissipated in the capacitor, assuming a typical value of dissipa-

Lion tactor of 0,002 across the frequency spectrum is,

2

P = (IRMS) « ESR ’ (8-2)

where USSR is the equivalent series resistance and DF = ESR/J;.
we

Then

: ) 2 |
¥ P = (IRMS) » DF/ WG (8-3)
g

k = 435 watis

P

- 82
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Figure 30. High repetition rate
pulse capacitor 1.1 uF pad
: arrangement.

—y

The DC filter capacitor layout called for three 1.2 uF, 8.3 kV sections

in series, to obtain the 0.4 uF, 25 kV total capacitor. The worst case ripple

——

voltage would be 35 V RMS on each pad, assuming equal capacitances.
The high frequency AC capacitors had a number of different arrangements of

parallel windings at various phases of the design. The original designs were

Y

tor 4 F and 2 uF pads, while lateral uF design was considered. In the end,
a 2 uF unit, rated at the full 1060 V RMS, was selected which would be used
in a four-parallel pad layout to obtain the full 8 uF capacitance. Each pad

would carry 133 amps.

TTV'v

In the case of the AC filter capacitor, the original design consisted of
42 parallel 2.85 uF pads. The pads tested were 2.00 yF, and 40 would have
beon used to obtain the full 120 uF capacitance required. Each pad would

J. carry 0.88 amps and see the full 140 V RMS,

4.5 DIELECTRIC DESIGNS

Once the section parameters were defined and the dielectric materials
selected, the next step was to choose gauges of the solid materials and their
arrangement in each multilayer dielectric., The thicknesses of each material
were limited to those normally available, and the total number of layers in the
dielectric stack was restrained to five by the available winding cquipment.

(There is not expected to be any benefit from using more than five layers.)

8-16
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The design process is really a matter of predicting what configuration

will achicve the energy density and life requirement. In dealing with the new
polyetherimide film, without prior experience in its life/stress characteris-
tics, it was assumed that these characteristics would be similar to that
observed in paper/polysulfone capacitors tested on the previous AFWAL program.

In fact, it wes not possible, making this assumption, to achieve both the

energy density and life goals on the pulse capacitors. An increase in energy
density was designed in, with the hope that the breakdown characteristics
observed at the end of Phase I would translate to the same or longer life than

had been achieved at lower stresses.

.ﬁivv

The design process involves calculation of the total dielectric thickness
the effective permittivity, and the stress in each layer under transient and/or
steady state conditions. Detailed analysis of the effective dissipation factor
and density per unit area may also be carried out. A basic design is con-
sidered, analyzed, and then refined to achieve the required parameters.

The model used during Phase II of the program considered the layers of
paper impregnated with oil to have properties dependent on both the paper and

the oil. The total dielectric would consist of discrete layers of film, oil,

iin"rT” e

and this 'paper-plus-oil" (when used). The dielectric constant of the "paper-
plus-o0il," when not measured experimentally, was calculated based upon a series
model with thicknesses translated from the apparent density of the paper and
the actual density of cellulose.

The space factor in the paper, s, is calculated from the apparent paper

- density, d_, and the actual density of cellulose, d , which is 1.55 gm/cmB:
- p c

S = p = p (8"5)

The space factor is used to calculate the relative thickness of layers

of oil and cellulose in a series model of the impregnated paper.

t = sty (8-6)
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The relative volumes of pure cellulose and oil are then defined, and the
dielectric constant of the "paper-plus-o0il" caleculated using a simple series

model :

e (8-7)

where the subscripts ¢, f, and p refer to cellulose, fluid, and the paper svs-
tem. This model agrees well with measurements made with impregnants having
2.0 g <8.0. The dielectric constant of cellulose is between 6.0 and 6.3,
and dn is between 0.95 and 1.05 for the papers used on this program.

The stress in this paper-oil system can be calculated and compared to the

estimated breakdown strength. The breakdown stress, Eg, for Norden Kraft

paper was assumed to obey the equations:

908 t_ “0-39 0 Liny (8-8)

- 6048 (n-1.5) 030 ¢ 7050 41y
while the Loden Kraft was assumed to obey:
By = 757 =063 iy (8-9)
- 4838 (n-1.5) 030 N T0.50 i)
sivtoe noand p are the number of layers and the total thickness of paper.

Similar behavior is illustrated in Figure 31.
In the case of polymer film breakdown strength, a much smaller effect

“4ue to the number of layers is expected because of the relative absence of

riaws and impurities relative to paper. There is essentially no difference
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REFERENCE: R.J. HOPKINS, ET AL. “DEVELOPMENT OF CORONA MEASUREMENTS AND THEIR RELATION TO THE
DIELECTRIC STRENGTH OF CAPACITORS.” A|IEE TRANS.VOL 70, PART ||, 1951, pp. 1643-1651.

Figure 31. Average direct voltage breakdown strength for (ypical capacitor
dielectric pads built up with five different capacitor paper thicknesses showing
effects of varying number of paper sheets between electrodes.

between the small area breakdown strength of one layer of film or two layers
of film having the same total thickness. 1In larger area, of course, multiple
lavers are preferable because there is a nonzero surface density of flaws
such as pinholes in the film. Due to geometric effects, the dielectric strength
of two layers of a given film is lower than one laver of that film of the same
individual gauge, but differences between gauges may be substantial. Variation
of dielectric strength with film thickness for several materials is illustrated
in Figure 32, showing the wide differences in behavior between films and due
to different stress conditions acting on the same film.

The dielectric strength of oils in very thin lavers is substantially
higher than that indicated by the standard ASTM test, performed with a 100 mil
vap spacing.  In the presence of cellulose fibers from the paper, however, this
"ideal” value is far greater than the actual value in the capacitor dielectric.
This is e¢specially true in the case where there is a substantial anmount of

water dissolved in the oil.
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DIELECTR:C ST RENGTH (VOLTS/MiL)
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KUREHA KF FILM - APPLICATION TO CAPACITORS, KUREHA CHEM IND CO, LTD., PUB 72-6-2000S,
TOKYO,JAPAN.

“KAPTON PROPERTIES,” DUPONT PUBLICATION E-42727, DUPONT DE NEMOURS, INC., POLYMER
PRODUCTS DEPT , JUNE 1981.

G. H_.MAULDIN,”“THE HIGH ENERGY DENSITY CAPACITOR PROGRAM AT SAUDIA NATIONAL LABORA

TORIES,”" NAS CONF ON ELECT.INSUL. AND DIEL.PHENOM_, 1980.

EXTRAPOLATED FROM: SPECIFICATIONS FORTYPECMYLARPOLYESTER FIILM FOR USE AS A CAPA
CITORDIELECTRIC, DUPONT FILM DEPT_, PUB NO. A86586,p. 4, U